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Figure D.2 (a, b) Showing cross section of PAN-TEMPO CNF sheath-core 
fiber showing that the cross section is highly irregular. (c) More 
zoomed in image of the CNF core showing the difference in 
texture between the CNF and PAN-co-MAA. (d) Cross section of 
the PAN-TEMPO CNF sheath-core fiber that does not show any 
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Cellulose is the most abundant biopolymer on earth with an estimated production 
of 1.5 x 1012 tons per year. With the high production, cellulose could be utilized to increase 
our sustainability and reduce our dependence on synthetic polymers made from oil. 
Recently nanocellulose in the form of cellulose nanocrystals (CNCs) and cellulose 
nanofibrils (CNFs) as potential fillers have been gaining significant interest. This is due to 
nanocellulose’s high mechanical properties, high surface area, biodegradability, 
biorenewability, and low toxicity. 
Polyacrylonitrile (PAN) is a synthetic polymer and has uses in clothing, home 
furnishings, and filtration membranes. PAN is also the predominant precursor for carbon 
materials such as carbon fiber. 
In chapter 2, the effect of CNC loading on the mechanical, thermal, optical, and 
structural properties of PAN-CNC films was studied. Films were made successfully with 
up to 40 wt% CNC loading. These composite films demonstrated the same optical 
transparency, and an increase in mechanical properties when compared to neat PAN. The 
effect of CNC loading on rheology was also looked at, and it was found that the addition 
of CNCs increases the viscosity at low shear rates. It was also found that the viscosity of 
the PAN-CNC suspensions increased with time.  
In chapter 3, the stabilization kinetics of the PAN-CNC films, and structural 
changes of the films were investigated. It was found that the addition of CNCs reduced the 
cyclization activation energy. It was also found that the reaction rate of cyclization and 
oxidation could increase with the addition of CNCs. The thermal stability of CNCs was 
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determined to be higher in the composite films than in neat form, which was examined by 
wide angle x-ray diffraction and Fourier transform infrared spectroscopy.  
In chapter 4, a method to make sulfonated CNFs that has the same surface chemistry 
as CNCs made by sulfuric acid hydrolysis is developed. This sulfonation of CNFs improves 
the dispersibility of CNFs in solvent. The method developed in this study can produce 
sulfonated CNFs faster the other reported sulfonation method. This technique is also faster 
than the most common CNF functionalization, TEMPO oxidation. The chemical stability 
of TEMPO CNFs and sulfonated CNFs in water and dimethylformamide was also 
investigated.  
In chapter 5, the characterization of PAN-CNF fibers and the effect of processing 
on the resulting mechanical properties was studied. Two different methods of 
functionalization were performed on the CNFs, TEMPO oxidation and amination, and the 
reinforcement effect of the different functionalizations were studied. The aminated CNFs 
provided more mechanical reinforcement than the TEMPO CNFs. This is attributed to the 
difference between surface chemistry, and the better interaction between the amine groups 
on the aminated CNFs and PAN than the carboxylic acid groups on the TEMPO CNFs.  
In chapter 6, we provide the conclusions of this thesis work.  Recommendations for 









CHAPTER 1. INTRODUCTION 
1.1 Materials 
1.1.1 Polyacrylonitrile 
Acrylonitrile was first synthesized in the 1893 by Charles Moureu and 
polyacrylonitrile was first polymerized by Charles Moureu a year later  [1-3]. The chemical 
structure of polyacrylonitrile (PAN) can be seen in Figure 1.1 [4].  After the discovery of 
PAN, it was not widely used, because it was difficult to process. The reason it was difficult 
to process was because the polymer degrades before it melts, and because there was no 
known solvent for PAN at the time [3]. PAN was first spun into a fiber in 1938 by Herbert 
Rein of I.G. Farbenindstrie using aqueous solutions of ammonium thiocyanate or zinc 
chloride to dissolve the PAN [3, 5]. PAN started to pick up interest in the 1940s when more 
solvents for PAN were discovered such as dimethylformamide (DMF). With the use of this 
new solvent DuPont developed a process for spinning PAN into acrylic fibers  in the 1940s, 
and this PAN fiber was commercialized by DuPont in 1950 as “Orlon” [1, 6, 7].   
                                    
Figure 1.1. The chemical structure of PAN [4]. 
 
Polyacrylonitrile (PAN) has uses in the production of acrylic fibers (≥85% 
acrylonitrile monomers) for clothing, home furnishings, and filtration membranes [7, 8]. 






Cellulose is the world’s most abundant biorenewable polymer with an annual 
estimated production of 1.5 x 1012 tonnes [9]. Currently there is large push for the world to 
become more environmentally friendly. This is due to the desire to reduce our dependence 
on fossil fuels and to lower our contribution to climate change. Due to the abundance of 
cellulose, and the recently developed techniques to process cellulose into nanofillers with 
high mechanical properties, high surface area, bio degradability, and low toxicity it can be 
an effective filler in polymer matrices and help reduce the amount of synthetic polymer 
used in various application.  
Cellulose is a linear polymer with β 1-4 bonded glucose units (Figure 1.2), with a 
degree polymerization of up to 15,000 and as low as 300 depending on the source and 
whether it has undergone treatment [9-12]. Cellulose can be derived from a variety of 
sources, these being plants, tunicate, and bacteria [11, 13, 14].  
                                         
Figure 1.2. The chemical structure of a cellulose unit [11]. 
 
1.1.3 Cellulose Nanofibril 
Cellulose can be mechanically broken down to cellulose nanofibrils (CNFs) which 




electron microscopy (TEM) image of CNFs can be seen in Figure 1.3 (Left). CNFs have 
an elastic modulus of 80-100 GPa and a tensile strength of 1.6-3 GPa [11, 17-19]. 
Due to the structure of cellulose, the abundant amount of hydroxyl groups allows a 
significant amount of hydrogen bonding to occur between the cellulose. The high amount 
of surface area on the CNFs and the hydrogen bonding causes the CNFs to easily 
agglomerate, and once agglomerated separation is difficult [20-22].  
 Figure 1.3. TEM image of CNF (Left)  and CNC (Right). [23] 
 
Pure CNF film and fibers have been made, though the properties exhibited are 
lower than the properties of an individual CNF. CNF films have been made with an elastic 
modulus and tensile strength of 10-13.2 GPa and 110-214 MPa, respectively [24-26]. 
Drawing can be done to increase the mechanical properties of these films, and after drawing 
the elastic modulus increased from 10.3 GPa to 33.3 GPa (1.6 draw ratio) and the tensile 
strength increased from 185 MPa to 428 MPa (1.4 draw ratio) [26]. CNF fibers made with 




made and these had an elastic modulus of 23 GPa and a tensile strength of 270-320 MPa 
[27, 28]. Drawing the TEMPO CNF fiber with a draw ratio of 1.28 increased the elastic 
modulus from 8.2 GPa to 33.7 GPa and increased the tensile strength from 118 MPa to 289 
MPa [29]. While carboxymethylated CNF fibers made a flow focusing technique (similar 
technique to wet spinning) had mechanical properties with an elastic modulus of 52.8 GPa 
and a tensile strength of 830 MPa [30, 31]. With the flow focusing technique and with the 
addition of 10 wt% silk, CNF-silk fibers spun had a tensile strength of 978.8 MPa and an 
elastic modulus of 53.6 GPa[31]. Dry spun CNFs without any functionalization have also 
been produced which had with an elastic modulus of 12.6 GPa and a tensile strength of 222 
MPa [32]. Currently spinning 100% CNF fibers has not been done with a technique that is 
industrially scalable. These fibers are typically spun into a coagulation bath with no take 
up winder, a strand of the CNF fiber is removed from the coagulation bath and dried with 
both end held down to keep the fiber straight and prevent shrinkage. The difficulty with 
continuous spinning of CNFs with take up is that a suspension of the cellulose is spun 
instead of a solution. The CNF suspension does not solidify when it enters a coagulation 
bath like a polymer solution. The CNF suspension remains a suspension until the liquid is 
removed by drying. If the CNF fiber is not dried before being taken up by the spool or 
quickly dried on the spool the filament will fuse together.  
1.1.4 Cellulose Nanocrystal (CNC) 
Cellulose nanocrystals (CNCs) can be made from cellulose by acid hydrolysis. The 
acid breaks down the amorphous regions in the cellulose, and what remains is highly 




source [11]. CNCs have an elastic modulus of 110-220 GPa and a tensile strength of 7.5-
7.7 GPa [11, 17-19]. Pure CNC films have been made with an elastic modulus of 10-30 
GPa and a tensile strength of 50-70 MPa, which is significantly lower than the theoretical 
properties of CNCs [33]. 
Due to the rod like shape of the CNCs, when suspensions of CNCs are sheared, 
they display a shear thinning behavior due to the alignment of the CNCs. Also due to rod 
like shape of the particle, it can form a percolation network at low volume concentration 
compared to fillers with a circular shape. The volume fraction needed to form a percolation 
network is 1% to 6% depending on the aspect ratio of the CNCs [34]. There was a study 
which showed that a CNC suspension at high concentrations (10 wt%) in water display an 
increase in viscosity over time at low shear rates, while the viscosity stayed constant with 
time at high shear rate [35]. This study showed that a CNC percolation network can form 
over time at low shear rate, but at high shear rates the shear forces prevents a CNC network 
from forming [35].  
Due to the rigid rodlike shape of the CNCs and their surface chemistry they can 
form chiral nematic liquid crystals [36]. Such liquid crystals display unique optical 





Figure 1.4. (a) Displaying a schematic of a chiral nematic formation. (b) CNC 
suspension seen through cross polarizers with varying amount of CNC displaying chiral 
nematic formation. (c) CNC film seen through a cross polarizer showing various colors 
(scale bar is 40 µm) [36, 37]. 
 
1.2 PAN Nanocomposites 
Many different types of fillers have been added to PAN to try to improve the 
properties of PAN or to give PAN additional functionalities. Such fillers includes carbon 
nanotubes [38-40], cellulose nanocrystals [41], graphene oxide [42], iron oxide [43], FeCl 






nanotubes could increase the elastic modulus up to 300%, tensile strength up to 80%, 
storage modulus up to 200%, and increase the Tg by over 35 °C [38, 39]. The addition of 
CNCs could increase the elastic modulus up to 35%, tensile strength up to 17%, the storage 
modulus by 50%, and increase the Tg by 10 °C [41]. The addition of iron oxide was found 
that it could increase the tensile strength by 14% [43]. Different fillers can also give 
additional functionalities such as the addition of iron oxide also imparted 
superparamagnetic properties to the PAN fiber [43], the addition of graphene oxide allowed 
the fabrication of a composite with good desalination properties [42]. Incorporation of 
FeCl2 into PAN allowed the composite to remove chromium from aqueous solutions [44], 
and the addition of MWNT increased the electrical conductivity of PAN fibers [40]. The 
addition of hexagonal BN has shown to increase the limiting oxygen index of PAN from 
18% to 27% [45]. 
1.3 CNC-Polymer Nanocomposites Films 
Many studies have already been done on CNC composite films with many different 
types of polymer matrices including polymethyl methacrylate (PMMA) [46], polyvinyl 
alcohol (PVA) [47-50], polylactic acid (PLA) [51, 52], polyvinylidene fluoride (PVDF) 
[53], polyvinyl chloride (PVC) [54], polypropylene (PP) [55], poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV) [56-58], acrylonitrile butadiene styrene (ABS) [59], 
polyurethane [42, 60], epoxy [61, 62], starch [63], and chitosan [64]. The incorporation of 
CNCs into the polymer matrix can increase the elastic modulus, tensile strength, storage 
modulus, glass transition temperature (Tg), and thermal stability. In previous studies on 




% in PLA[52], 115-250 % in PHBV [56, 57], 35 % in ABS [59], 69-144 % in polyurethane 
[42, 60], 64 % in epoxy [62], 34 % in starch [63], 87 % in chitosan [64], and an increase 
was also seen in PVC [54]. The tensile strength increased 25-32 % in PVA [47, 50], 61 % 
in PLA[52], 35 % in PVDF [53], 42 % in PP [55], 85-149 % in PHBV [56, 57], 16 % in 
ABS [59], 28 % in polyurethane [42], 50-77 % in epoxy [61, 62], 56 % in starch [63], and 
an increase in PVC [54] was also seen. The values of the elastic modulus and tensile 
strength of the neat polymer matrices and the CNC composites can be found in Table 1.1. 
Storage modulus increased 20 % in PLA [51], 20 % increase in PHBV [57], 49 % increase 
in epoxy [61], and increases were also seen in PVA [47], PP [55], and polyurethane [42]. 
The Tg increased 5 °C in PHBV [57], and 2 °C in polyurethane [42]. Thermal stability also 
increased in PMMA [46], PHBV [56], and polyurethane [42].  
1.4 CNF-Polymer Nanocomposite Fibers 
CNF polymer fiber composites have been less studied than CNC polymer fiber 
composites due to the difficulties of working with CNFs. Due to the longer aspect ratios of 
CNFs compared to CNCs, CNFs has a much larger effect on rheology than CNCs [65]. 
Also the longer aspect ratio results in increased difficulty of preventing aggregation of the 







Table 1.1 The effect of CNC on the elastic modulus and tensile strength of various polymer films reported in the literature. 
     a The exact values were not given in the paper, and these numbers are approximated from the graphs 
 

























PVA 1.8a 102a 12 2.7a 12 128a [47] 
PVA 1.3 N/A 10 1.9 N/A N/A [48] 
PVA 1.3a N/A 5 1.6a N/A N/A [49] 
PVA N/A 57.02 N/A N/A 5 75.20 [50] 
PLA 0.91a 44.4 10 1.2895 6 71.6 [52] 
PVDF N/A 4.62 N/A N/A 0.1 6.23 [53] 
PP N/A 19 N/A N/A 6 27 [55] 
PHBV 0.055a 12.5a 10 0.195a 10 31a [56] 
PHBV 0.82 14.1 5 1.76 5 26.1 [57] 
ABS 3.3a 32a 0.7 4.45a 0.7 37a [59] 
Polyeurathane 0.045 54 5 0.076 2 69 [42] 
Polyeurathane 0.04116 N/A 5 0.10028 N/A N/A [60] 
Epoxy N/A 27.1 N/A N/A 10 48 [61] 
Epoxy 2.2 40 15 3.6 15 60 [62] 
Starch 0.3273 10 4.8 0.4396 4.8 15.6 [63] 




Currently the highest loading of CNFs for a continuously spun and post drawn CNF 
polymer fiber composite  is 1 wt% (dry-jet wet spinning), while for CNC polymer fiber 
composites there has been studies with loadings being as high as 60 wt% [67, 68]. We are 
defining continuously spun as a fiber that is spun and collected during the polymer 
suspension extrusion process.  A 2 wt% CNF loaded PVA was attempted to be spun but 
the authors stated the solution has become a gel and could not be spun [67]. The fibers 
produced in that study had very good properties and 1 wt% CNF loading did not inhibit the 
fiber drawability and mechanical properties. The neat PVA had a maximum tensile strength 
of ~1.6 GPa and an elastic modulus of 48 GPa, while the 1 wt% CNF fiber had a maximum 
tensile strength of ~1.6 GPa and an elastic modulus of 57 GPa [68].   
CNF-polymer fibers with CNF loadings greater than 1 wt% has been continuously 
spun, but continuous post drawing has not been done on these fibers. Post drawing of fiber 
is important, because this drawing aligns the polymer and nanofillers in the fiber direction, 
and this significantly increases the mechanical properties. Fiber that has been continuously 
spun but not continuously post drawn all used an electrospinning method. These fibers 
include PVA with up to 6.6 wt% CNF [69], PAN with up to 10 wt% CNF [70], 
polyethylene oxide (PEO) with up to 10 wt% CNF [71], and PVA/waterborne polyurethane 
(WPU)  with up to 5 wt% CNF [72]. The PVA-CNF fiber elastic modulus increased from 
45 MPa to 108 MPa and the tensile strength increased from 2 MPa to 4.8 MPa  with the 
addition of 6.6 wt% CNF loading [69].  In the PEO-CNF fibers the best properties were 
exhibited at 4 wt% CNF loading the elastic modulus increased from 20 MPa to 51 MPa, 




fiber the tensile strength was found to increase from ~14 MPa to ~20 MPa at 5 wt% CNF 
loading [72]. Higher loadings of CNF in polymer fibers have been achieved with the 
electrospinning method compared to other spinning methods. When electrospinning is 
done mats of fibers are typically made, and because a mat can’t be drawn as much as a 
fiber spun with a process that uses a winder the properties of electrospun fibers after 
drawing is usually lower.  
1.5 Functionalization  
Functionalization of a material is the modifications of the material’s surface 
chemistry to give it new surface properties. This modification can impart a variety of 
properties that the neat material does not exhibit, and the degree of functionalization can 
control how strong these properties are exhibited. Some reasons functionalization are done 
is to tune dispersibility, to control the interaction with a different material, and to tailor the 
interphase to improve mechanical properties [73, 74].  
1.5.1 Cellulose Nanocrystal Functionalization 
CNCs that are made through sulfuric acid hydrolysis are automatically 
functionalized with a sulfate group due to the processing method and commonly CNCs are 
used in this state. This sulfate functionalization allows CNCs to be better dispersed in 
certain solvents. CNCs can also be made through acid hydrolysis with different types of 
acid such as  hydrochloric acid that will result in CNCs with no change in surface chemistry 
from starting cellulose material [75]. Many different types of functionalizations on CNCs 
have been studied. These functionalization are done to have the CNCs disperse better, to 




to increase dispersibility is TEMPO oxidation. One of the reason this functionalization is 
preferred over the sulfate group functionalization is because the sulfate group is not 
thermally stable and cleaves off in solution. The sulfate group also decreases the thermal 
stability of the CNC [75, 77]. The TEMPO functionalization converts the cellulose C6 into 
a sodium carboxylate group and does not significantly affect the crystallinity. A simplified 
model of the reaction scheme can be seen in Figure 1.5. A more in depth proposed 
mechanism of what occurs between the TEMPO and the cellulose can be seen in Figure 
1.6 [76]. The sodium carboxylate groups can be reconverted back to a carboxylic acid 
groups by treating it in an acid. These H+ or Na+ will dissociate in water, leaving a negative 
charge on the cellulose. These negative charges will repel each other, giving a more stable 
and dispersible suspension of the cellulose [78].  
1.5.2 Cellulose Nanofibril Functionalization 
CNFs, similar to CNCs, have been functionalized for many different applications.  
The most common functionalization used to increase the dispersibility is the TEMPO 
oxidation reaction mentioned above [78]. Dispersion of TEMPO mediated oxidized CNFs 
can be seen in Figure 1.7. There are other methods for functionalization and 
functionalizations using periodate oxidation on CNFs (Figure 1.8) to form dialdehyde 
cellulose as a starting material has been gaining popularity. The dialdehyde cellulose does 
not increase dispersibility but many different types of functionalization can be done on the 
highly reactive C=O bonds to increase dispersibility, or for different applications [79]. 
Some functionalizations that can be done on CNFs after the periodate oxidation include 





























Figure 1.7. Dispersion of 0.1 wt% wood pulp treated with varying amounts of NaClO 
(mmol/gram of cellulose) during TEMPO mediated oxidation (increasing NaClO 
indicates more functionalization) (a) 0 , (b) 1.3, (c) 2.5, and (d) 3.8 mmol of NaClO/gram 












Figure 1.8. Cellulose structure and the periodate oxidated cellulose structure [81].   
 
1.6 Fiber Spinning 
There are many ways to spin fiber these techniques include melt spinning, 
electrospinning, wet spinning, dry spinning, dry jet wet spinning, gel spinning, and others. 
In melt spinning the polymer is melted and extruded through a die and picked up on a 
spool. Electrospinning involves applying a charge to the polymer solution and an opposite 
charge on the collector. For wet spinning the spinneret is in the coagulation bath and the 
polymer solution is extruded through the spinneret and pick up by a spool. For dry spinning 




nitrogen and does not come in contact with a nonsolvent. For dry jet wet spinning the 
polymer solution is extruded through a spinneret into gaseous medium before going into a 
coagulation bath (Figure 1.9). Gel spinning is similar to dry jet wet spinning but involve a 
high molecular weight polymer, low solid content polymer solution, and typically a cold 
coagulation bath. The gel spinning process has a lower amount of entanglements in the 
fibers compared to the dry jet wet spinning process resulting in fibers with higher 
properties. Depending on the polymer and spinning conditions the spool of fiber might be 
put in a nonsolvent for a duration of time before being drawn. These factors in gel spinning 
allows low polymer entanglement, behaving like a gel instead of a true solid, and allows 
the fibers to be highly drawn leading to high mechanical properties. A diagram for gel 























Figure 1.10. Schematic for the gel spinning process [83]. 
 
1.7 Stabilization  
1.7.1 Stabilization of Polyacrylonitrile 
To make PAN into a carbon material it must first undergo stabilization, which is a 
heat treatment process that is typically done in air at 200-300 °C [6, 57]. The stabilization 
process contains dehydrogenation, cyclization, oxidation, and crosslinking reactions a 
scheme for the stabilization of PAN is shown in Figure 1.11[84]. Cyclization and 
dehydrogenation can occur in inert atmosphere, while the oxidation requires the presence 
of oxygen. Crosslinking can occur to a small degree in an inert atmosphere during 
stabilization by intermolecular cyclization, but crosslinking is much more prominent in an 
oxygen atmosphere after the oxidation reaction. This allows separating the cyclization 
reaction from the oxidation reaction by first running the sample in an inert atmosphere, 




stabilization process changes the PAN from a linear polymer into a ladder structure, which 
increases the thermal stability to survive carbonization.  
 
 
Figure 1.11. Proposed chemical pathway for PAN stabilization [4, 83]. 
There have been many studies on the stabilization of PAN and the earliest study 
dates back 1950 [84-94]. Though stabilization was studied in 1950, PAN fiber was first 











Research Institute in Japan [6]. For the production of carbon fiber, homopolymer PAN is 
not used due to the narrow temperature range of the exothermic reaction during the 
stabilization process. This reaction is very rapid and releases large amounts of heat, which 
can locally damage the fiber and result in lowering the mechanical properties of the 
resulting carbon fiber due to imperfections in the fibers where it was damaged. To counter 
this problem acrylonitrile is usually copolymerized with another monomer, two examples 
are methacrylic acid (MAA) and itaconic acid (IA). These copolymers broaden the 
temperature range over which the exothermic reaction occurs, extending the time period 


















Figure 1.12. DSC curves of a PAN fiber under different atmospheres displaying 
separation of stabilization reactions under different environments: (a) Nitrogen, (b) 







1.7.2 Stabilization of Cellulose 
Cellulose was the first materials to be used to make carbon fiber. Thomas Edison 
in the 1880s was one of the first people to use carbon fiber; it was produced from bamboo 
splints and cotton and used as the filament in his light bulbs. To convert cellulose into a 
carbon material, the cellulose similarly to PAN, it must undergo stabilization.  The 
proposed reaction for the stabilization of cellulose by Tang and Bacon (Figure 1.13) 
contains dehydration (150-240 °C), thermal cleavage of the bridge oxygen and the 













1.8 Thesis Objectives 
The objective of this thesis is to study nanocellulose as a filler in polyacrylonitrile. The 
reason nanocellulose is looked at is because it is a renewable biomaterial and has potential 
to reduce our dependence on synthetic polymer produce by oil, which is a contributor to 
climate change. The effect of nanocellulose addition on the properties of polyacrylonitrile 
composite films and fibers will be studied. Surface chemistry has a large effect on the 
dispersibility of nanocellulose and the interaction between polymer, because of this 
different functionalization were applied to CNFs. These different functionalizations were 
studied for their dispersibility in solvent and reinforcement capabilities in PAN. The 
stabilization kinetics of PAN and CNC composite films were also studied to determine if 
the addition of CNCs could increase the stabilization kinetics of PAN.  
The following studies have been done and will be discussed in this thesis. 
1. The effects of high loadings of CNCs on the thermal, mechanical, structural, and 
optical properties of PAN films. The rheological effect the CNC addition has on 
PAN suspensions were also looked. Loadings of up to 40 wt% CNC with respect 
to polymer were investigated. 
2. The stabilization kinetics differences between PAN and PAN/CNC films were 
studied. The structural development changes between PAN and PAN/CNC films 
with heat treatment are also looked at.  
3. A method to sulfonate CNF that mimics the same surface chemistry of CNC 




CNF morphology and it can be done faster than the TEMPO oxidation method and 
other reported CNF sulfonation methods.  
4. Reinforcement effects of CNF with different functionalizations on PAN fibers were 
studied. These two functionalizations were TEMPO oxidation and an amination. 
This amination functionalization has not been done on CNFs before. PAN fibers 
with CNF loadings as high as 10 wt% were made with continuous spinning and 
continuous post drawing. The previous highest reported polymer fiber made with 




CHAPTER 2. INFLUENCE OF HIGH LOADING OF 
CELLULOSE NANOCRYSTALS IN POLYACRYLONITRILE 
COMPOSITE FILMS 
2.1 Introduction 
CNCs have high mechanical properties and have been studied by others for uses in 
polymers as a mechanical reinforcement filler. Typically, when polymer-CNC films are 
made using CNCs as a filler for mechanical reinforcement the loadings are relatively low 
and rarely go above 20 wt%. This is because at higher loadings, CNC aggregation occurs 
and behaves as stress concentrators leading to a decrease in mechanical properties [52, 
100]. This decrease in mechanical properties due to aggregation can occur at low as 1 wt% 
CNC loading depending on the CNCs and processing conditions used to make the 
composite [53]. In this chapter PAN-co-MAA/CNC films were produced with loadings up 
to 40 wt% CNC through the solution casting method to study more in depth the effects of 
high CNC loadings in a polymer matrix. The structural, optical, mechanical, and thermal 
properties of the resulting films were investigated. The rheology of the PAN-co-MAA 
solution and the composite suspensions used to make the films were also investigated. 
2.1.1 Materials  
Polyacrylonitrile-co-methacrylic acid (PAN-co-MAA; 4 wt% of MAA content, 
viscosity average molecular weight: 2.47 × 105 g/mol) was obtained from Exlan Co., Japan, 
and will be referred to as PAN-co-MAA powder. Freeze dried CNC (lot# 2012-FPL-CNC-
48/051) were obtained from the University of Maine, US, and will be referred to as freeze 




6.3 nm in diameter and 153 nm in length [20]. Dimethylformamide (DMF) was obtained 
from Sigma-Aldrich co. and was distilled before use.  
2.1.2 Solution/Suspension Preparation 
The PAN-co-MAA solution and PAN-co-MAA/CNC suspensions were targeted 
to have a solid content of 3.7 wt% in DMF. Six different solution/suspensions were made 
with 0, 5, 10, 20, 30, and 40 wt% CNCs with respect to the weight of the polymer; these 
samples will be referred to as neat PAN-co-MAA, CNC-5, CNC-10, CNC-20, CNC-30, 
and CNC-40, respectively. To make one of the suspensions the desired amount of freeze 
dried CNCs (depending on the final CNCs content) were dispersed in 100 ml of DMF by 
a bath sonicator (Branson 3510R-MT, 100 W, 42 kHz) for 24 hours. The CNC/DMF 
suspension was then combined with PAN-co-MAA powder in a glass reactor and 
mechanically mixed at 200 rpm at 70 °C for 3 to 4 hours. The same procedure was 
followed to make the neat PAN-co-MAA solution except the first step of dispersing the 
freeze dried CNCs in DMF was not done. The air bubbles were removed from the 
solution/suspension in a vacuum oven at 70 °C for 5 minutes. Due to the 
solution/suspension preparation process the final solid content ended up higher than 3.7 
wt% and the measured solid content of each solution/suspension is given in Table 2.1. 
 A 100 wt% CNC suspension was also made by dispersing the freeze dried CNCs in 
deionized (DI) water to make a 1 wt% solid content suspension, and will be referred to as 
neat CNC. (See Appendix A for discussion on solution/suspensions made but not 




Table 2.1. Solid content of the solution and suspensions used to make the films, and the 
volume percent CNCs in these suspensions. 
 neat PAN-
co-MAA 
































a Solid content (polymer and CNC) of the solution and suspensions used to make the films 
and rheology study, solid content was measured with thermal gravimetric analysis under 
nitrogen atmosphere at 180 °C 
 
2.1.3 Film Preparation 
Neat CNC films were made by solution casting into a polystyrene petri dish and 
dried in an oven at 70 °C for 2 days. This film was used only in thermogravimetric analysis, 
differential scanning calorimetry, and wide angle x-ray diffraction. The neat PAN-co-
MAA and PAN-co-MAA/CNC films were made by solution casting (4 hours after the 
solution/suspension has been made) into a glass mold, and dried in an oven at 70 °C for at 
least 4 hours. The neat PAN-co-MAA and PAN-co-MAA/CNC films were removed from 
the oven, cooled down to room temperature, then submerged in deionized (DI) water for 
30 minutes, and removed from the glass mold. This film was then placed between two glass 
plates and a normal stress of around 80 Pa was applied to the film. This assembly was 
placed in a drying oven at 70 °C for 12 hours to remove residual stress that would otherwise 
cause the film to curl.  
To make tensile and DMA specimens the films were rehydrated by submerging in 




rectangular strips using a cutting apparatus incorporating a razor blade. These film strips 
were then placed between the two glass plates and a normal stress of around 80 Pa was 
applied to the strips. This assembly was placed in a drying oven at 70 °C for 12 hours. The 
strips were then taped onto paper tabs and further dried under vacuum at 40 °C for 24 
hours. The samples were stored in a desiccator until testing to help minimize moisture 
uptake to help mitigate moisture induced effects on the mechanical properties of the films. 
The thickness of these samples can be found in Table 2.2. (See Appendix A for discussion 
on film processing trial and error) 
2.1.4 Characterization 
Rheological measurements were performed on an ARES rheometer (Rheometric 
Scientific, Co.). The testing was done at room temperature, with 50 mm parallel plates, and 
a gap size of 1 mm. To prevent evaporation of solvent and absorption of water during 
testing, a layer of silicon oil was applied to the exposed sample surface around the sides of 
the parallel plates. The linear viscoelastic region (LVR) was determined for each sample 
by running a strain sweep test at an oscillatory frequency, ω, of 5, 10, and 100 rad/s. A 
frequency sweep was done from 5 to 100 rad/s in the LVR for each sample, and then the 
same sample between the plates was immediately ran again for a second run with the same 
parameters. By comparing the first and second runs of the frequency sweep it is possible 
to assess if solvent evaporation, water adsorption, or if a breakdown of a percolation 
network took place during the test. The bulk solution/suspension samples were kept in 
vials, sealed with Teflon tape and stored in a dark cabinet at room temperature to help 




the rheology aging study, since PAN is known to degrade when exposed to ultraviolet 
radiation [101]. For the rheology aging study each sample was tested at 4 hrs, 4 days, 14 
days, 30 days, and 90 days after the solution/suspension has been made. The aged 
solution/suspensions solid content was checked with a TGA and it was determined that 
there was no change in the solid content over the 90 day period.  
Fourier transform infrared spectroscopy (FTIR) was done on a Magna 560 FTIR 
(Nicolet Instruments) to study the interactions between the PAN-co-MAA and CNC. The 
tests were done on neat PAN-co-MAA and composite films, but the pure CNC spectra was 
done with the freeze dried CNC powder and KBr due to the difficulties of making a thin 
enough film. The scan range was 400 cm-1 to 4000 cm-1 with resolution of 0.5 cm-1. Wide-
angle X-ray diffraction (WAXD) was done with Rigaku MicroMax-002 (CuKα, λ=0.1542 
nm) and a Rigaku R-axis IV++ detector. MDI Jade 9 software was used to analyze the 








Table 2.2. Thermal and mechanical properties of the films. Also the film dimensions and the volume percent CNC in the films. 
 
a Film thickness of the samples used for tensile test and dynamical mechanical analysis 
 
 
 neat PAN-co-MAA CNC-5 CNC-10 CNC-20 CNC-30 CNC-40 
 














Film Thicknessa (μm)  
 
 




117 ± 9 
 
105 ± 1 
 
115 ± 5 
 
104 ± 3 
Elastic Modulus (GPa) 2.2 ± 0.1 2.4 ± 0.1 2.4 ± 0.1 3.0 ± 0.1 3.2 ± 0.1 3.7 ± 0.1 
Tensile Strength (MPa) 
 
75 ± 3 84 ± 3 91 ± 4 97 ± 9 116 ± 6 132 ± 9 
Strain at Break (%) 
 
27.3 ± 16.4 9.9 ± 3.1 5.3 ± 0.6 4.0 ± 0.8 4.3 ± 0.3 4.2 ± 0.4 






4.4 5.3 7.3 9.0 10.5 
Tgb (°C) 
 




Ultraviolet-Visible (UV-Vis) spectroscopy was done to determine the transparency 
of the films; measurements were done on a Lambda 35 (PerkinElmer Co.). The scan was 
done over a range of 200 to 800 nm with a scan speed of 480 nm/min with a resolution of 
1 nm. To assess the degree of micron sized CNC agglomerations in the films, polarized 
light microscopy (Leica DM2500 P, Leica Microsystems) was used to determine if there 
were regions of birefringence, which can be caused by agglomeration of CNC [61]. Films 
were observed in transmission mode under cross polarizers with an objective of 4x. To 
further characterize dispersion the fracture surface of the films after tensile testing were 
sputtered with gold and observed by scanning electron microscope (Zeiss Ultra60 FE-
SEM).  
Thermal stability and degradation were investigated with thermogravimetric 
analysis (TGA) with TA instruments Q500. Samples were dried under vacuum at 70 °C for 
24 hours and stored in a desiccator until they were tested. These samples were tested within 
5 minutes from being removed from the desiccator. Samples were tested under both air and 
nitrogen atmosphere with the sample size ranging from 5-6 mg. The samples were heated 
from 50 to 795 °C at a heating rate of 10 °C/min. Differential scanning calorimetry (DSC) 
was ran on TA instrument Q100. Sample sizes of ~3 mg were used in standard aluminum 
pans, and heated from 50 to 300 °C at 10 °C/min in air.  
Dynamic mechanical analysis (DMA) and tensile testing were completed using a 
RSA III solids analyzer (Rheometric Scientific Co.). The samples tested were rectangular 
strips having a gauge length of 12.7 mm, width of ≈2.2-2.5 mm, and an average thickness 




areas with an optical microscope (Leica DM2500 P, Leica Microsystems) and ImageJ, 
while the thickness was measured with a digital micrometer (Mitutoyo 331-361 Type B) 
in three different areas. To maintain consistency if the variation of width and thickness 
were greater than 100 µm and 10 µm, respectively, the samples were not used. Dynamic 
mechanical tests were conducted at a frequency of 1 Hz, 0.1 % dynamic strain, over a 
temperature range of 35 to 170 °C with a heating rate of 1 °C/min. Tensile tests were 
completed at room temperature at a strain rate of 5 %/min. Tensile testing continued until 
there were at least five samples that did not break at the grip for each different composition. 
For the specimens that broke at the grip, the results were not used due to the possibility that 
the fracture occurred because of stress concentration caused by the grips. 
2.2 Results and Discussion 
2.2.1 Rheology of PAN-co-MAA/CNC suspensions 
The effect of frequency (up to 100 rad/s), CNC loading (up to 1 vol%), and aging 
time (4 hrs, 4 days, 14, days, 30 days, and 90 days) on the complex viscosity of PAN-co-
MAA/CNC suspensions were measured (frequency sweep plots for all samples are shown 
in Appendix A Figure A.1). The frequency sweep plots of the solution/suspensions used 
to cast the films (4 hrs age time) is shown in Figure 2.1(Left). The first and second runs 
for all the samples tested at each age were similar, indicating that there was little to no 
solvent evaporation or water absorption during the test. This also indicates that the structure 
within the suspension is consistent between the runs. The comparison between the first and 
second runs can be seen in Figure A.2. The neat PAN-co-MAA solution had a Newtonian 




shear thinning behavior. The mechanism causing the shear thinning behavior is likely due 
to the alignment of the rod-like CNCs during shear, which has been observed in other CNC 
systems [51, 60] and other high aspect ratio particle systems, such as carbon nanotubes and 
titanate nanotubes [102, 103]. Overall, there is a general trend of increasing viscosity with 
increasing CNC loading over all frequencies and for all aging times (Figure A.1). For the 
aging times of 4 to 90 days this trend was observed, however at the 4 hour aging time the 
CNC-20 and CNC-40 had viscosities a bit lower than expected. The increase in viscosity 
with increasing CNC loading is expected at low shear rates because the CNC behaves like 
a filler in the suspension.  
Figure 2.1. Complex viscosities of solution/suspensions (Left) 4 hours after being made 
(frequency sweeps from 5 to 100 rad/s), and (Right) over a 3 months period at 5 rad/s. 
Solid contents of these solution/suspensions can be found in Table 2.1. 
 
The effect of aging time (up to 90 days) and CNC loading (up to 1 vol%) on 
complex viscosity (at 5 rad/s) is shown in Figure 2.1(Right). All of the PAN-co-
MAA/CNC suspensions were observed to have increasing viscosity with increasing aging 
time, in contrast, the viscosity of the neat PAN-co-MAA solution was minimally affected 



































































or had a slight decrease in viscosity. There was larger increase in viscosity over time with 
higher CNC loading, but the extent of change effectively stopped after 2 weeks for all 
samples. The increase in viscosity of the suspension with aging time is considered to result 
from polymer-filler interaction, as opposed to the formation of a percolated CNC network. 
Polymer adsorption onto fillers have been previously reported to increase the viscosity of 
a system with time [104, 105]. This scenario may be possible with PAN-co-MAA 
adsorbing onto the CNC over time, though we do not provide any direct evidence for this 
in this study. In contrast, the study by Derakhshandeh et al [35] showed that CNC network 
formation in a neat CNC suspension (10 wt% solid) can increase viscosity of the system 
with time. In our system the increase in viscosity with time is not believed to result from 
the formation of a CNC network structure for several reasons. First, testing was done in 
the linear viscoelastic region, determined in lead up experiments, so the structure within 
the suspension is recovering during the testing. Secondly, the suspensions are shear 
thinning indicating alignment of CNC in the shear direction. Also the viscosity curves of 
the first and second run of the same sample are very similar, this indicates no change in 
structure within the suspension that was not recovered between the first and second run. If 
the increased viscosity was due to CNC-CNC percolation the first and second runs should 
be different as there would be insufficient time for the percolation network to reform, since 
the second run was ran immediately after the first run while the increase in viscosity was 
developed over a longer period of time (hours to months). Finally, the vol% of CNCs used 
in the current study was at or below 1 vol%, which is below the percolation threshold of 




threshold calculations in supporting documentation). The tensile properties of films made 
from an aged suspension was looked at, and it was found that there might be some changes 
that occur due to aging. Though a more in-depth study needs to be done. Discussion and 
process for making these films from an aged suspension can be found in Appendix A.  
2.2.2 Chemical Interaction and Structure 
FTIR results for the film are given in Figure 2.2. The characteristic peaks for PAN 
is the peak at 2243-2240 cm-1 belonging to the CN (nitrile), and the peak at 1733-1723 cm-
1 belongs to the carbonyl group in the methacrylic acid (MAA). The peaks at 2940-2930,  
2850, 1450 , 1360 , and 1050 cm-1 belong to aliphatic CH, CH2, and CH3 in the PAN or 
MAA [106]. For the CNCs the characteristics peaks at 3490-3175 and 1649-1634 cm-1 
belongs to OH (hydroxyl), 2900 and 1382 -1375 cm-1 belongs to CH, and the peaks at 
1430-1420 and 1317 cm-1 belong to CH2 [107]. There is no observable interaction from the 
FTIR between the CNCs and the PAN as determined from the lack of shift of the CN peak, 
and no observable new peaks developing. There was an observed shift of the peak related 
to the carbonyl group of MAA, the peaks shifted from 1724 cm-1 in neat PAN-co-MAA to 
1734 cm-1 in the CNC-10 film and stayed around 1734 cm-1 at higher CNC loadings 
(Figure 2.2 Right). This indicates that there is interaction between the CNC and the MAA 
copolymerized with the PAN. There have been previous studies that showed interaction 




The incorporation of CNCs into the PAN-co-MAA matrix did not have significant 
influence on the percent crystallinity of the PAN-co-MAA as estimated by WAXD. The 
procedure and results can be found in Appendix A (Figure A.8-A.10). 
Figure 2.2. FTIR spectra of films (Left) FTIR full spectrum, (Right) FTIR spectrum from 
1800 to 1700 cm-1 to display carbonyl peak shift with the addition of CNCs. (a) neat 
PAN-co-MAA, (b) CNC-5, (c) CNC-10, (d) CNC-20, (e) CNC-30, (f) CNC-40, (g) 
freeze dried CNC. 
 
2.2.3 Optical Properties 
The addition of up to 40 wt% CNCs loading did not have a detrimental effect on 
the optical transparency and color, which can be seen in Figure 2.3. The films look 
homogenous at the macro scale. To estimate the degree of CNC agglomeration at a finer 
length scale (e.g. micron-sized agglomerates), polarized light microscopy was used. 
Differences in birefringence between the polymer matrix and agglomerated CNC 
domains have been used to qualitatively assess the extent of CNC agglomeration within 
composites [61]. In our system, there is little observable birefringence within the majority 
of the neat PAN-co-MAA and PAN-co-MAA/CNC films (Figure A.3), suggesting a 
limited amount of micron sized CNC agglomeration. Incidentally, there were isolated 















































regions of increased birefringence (Figure A.4), these areas were considered worst-case-
scenarios, and were not representative of the whole film. With this in mind, and 
considering the study by Girouard et al [61] that showed extensive birefringence at 5 wt% 
CNC loading, which is considerably lower than the loadings used in the current study (up 
to 40 wt%), it can be considered that the PAN-co-MAA/CNC composite films had a low 
degree of micron sized CNC agglomeration. In support of this, fracture surfaces of PAN-
co-MAA/CNC composite films do not show fracture features that would be indicative of 
micron sized agglomerates (Figure 2.4).  
 
Figure 2.3. (Left) Optical images of films displaying transparency (a) neat PAN-co-
MAA, (b) CNC-5, (c) CNC-10, (d) CNC-20, (e) CNC-30, (f) CNC-40. (Right) UV-Vis 




































Figure 2.4. SEM images of the fracture surfaces of films after tensile testing (a) neat PAN-
co-MAA (b) neat PAN-co-MAA (c) CNC-40, and (d) CNC-40. No apparent aggregations 
are seen in the CNC-40 film. The neat PAN-co-MAA is significantly thinner in these 
images because of the large amount plastic deformation during tensile testing, compared 
to the CNC-40 film. 
 
2.2.4 Thermal Properties 
Thermal stability studies on the films with similar thickness were conducted using TGA in 
both air and nitrogen, and the results of these tests are shown in Figure 2.5. The 
nanocomposites had better thermal stability (e.g. lower weight loss) up to ≈350 to 375 °C 
depending on the CNC loading compared to the neat PAN-co-MAA film in both air and 
nitrogen. This is surprising because the neat CNC film has much lower thermal stability 
compared to the neat PAN-co-MAA film at these temperatures. This unusual behavior of 
20 µm 1 µm








CNC-polymer composites having better thermal stability than both the neat polymer and 
the neat CNCs have been reported before [42, 56].  
 
Figure 2.5. TGA results of the films at a heating rate of 10 °C/min (Top Left) in air 50-
795 °C, (Top Right) in N2 50-795 °C, (Bottom) experimental and rule of mixture residue 
(wt%) of the films from the rule of mixtures at 795 °C in N2. 
 
An unexpected result is the residue yield after heating up the films up to 795 °C in 
nitrogen atmosphere. The neat PAN-co-MAA and all the nanocomposite films had a 
residue yield around 50 wt%, while the neat CNC film had a residue yield of around 30 
wt% as seen in Figure 2.5. This means that the degradation of the composites does not 
follow the rule of mixtures, and indicates chemical interaction between the CNCs and 





























































































PAN-co-MAA as the composite undergoes heating. A graph of the experimental and rule 
of mixture residue yield can be seen in Figure 2.5 (Bottom). The experimental and rule of 
mixture degradation graph of CNC-40 in both air and nitrogen can be seen in Figure A.5.  
The tan δ peak is the Tg of the system (Figure 2.6), and it was seen that it increased 
with increasing CNC content. The Tg for the neat PAN-co-MAA was 92 °C and increased 
to 118 °C for CNC-30. Tg for CNC-40 could not be determined due to no observable peak. 
The Tg was also determined by DSC and a similar trend of increasing Tg with increasing 
CNC loading was seen and can be seen in Table A.1 and Figure A.7. The tan δ peak height 
also decreased from 0.27 for neat PAN-co-MAA to 0.11 for the CNC-30. A lower tan δ 
indicates lower chain mobility, this is likely due to the long rigid rod-like CNCs physically 
constraining polymer movement.  
Figure 2.6. Dynamical mechanical analysis results of films at a frequency of 1 Hz (Left) 
































































2.2.5 Mechanical Properties 
The storage modulus of the films measured at a frequency of 1 Hz are given in 
Figure 2.6 and Table 2.2. There was a trend of increasing storage modulus with increasing 
CNC loading. At 35 °C the storage modulus for the neat PAN-co-MAA and CNC-40 film 
was 3.9 and 10.5 GPa, respectively. With higher CNC loadings the reduction in the storage 
modulus with increasing temperature was decreased. This is likely due to the filler and 
polymer interaction, and also possibly a CNC percolation network within the films. The 
CNC percolation network is less sensitive to temperature compared to the PAN-co-MAA 
matrix. At 20 wt% and higher CNC loadings there is a large increase in the storage modulus 
at the plateau temperature indicating that a CNC percolation network has possibly formed. 
The storage modulus was also seen to increase in some of the films after the plateau 
temperature, this is due to the PAN-co-MAA undergoing cyclization. The onset of this 
increase in storage modulus increased with increasing CNC loading, likewise the 
cyclization onset temperature also increased with increasing CNC loading (Table A.1 and 
Figure A.7). 
The tensile testing results are given in Table 2.2. There was a trend of increasing 
elastic modulus and tensile strength with increasing CNC loading. There was also a trend 
of decreasing strain at break with increasing CNC loading up to 20 wt% CNCs, but above 
20 wt% CNC loading there was not much change. The comparable strain at break at 20 
wt% CNC and above is considered to result from a similar failure mechanism associated 
with the breaking of a percolated CNC network structure. In partial support for this, the 




formed. Comparing the neat PAN-co-MAA to the CNC-40 film, the elastic modulus 
increased from 2.2 to 3.7 GPa, the tensile strength increased from 75 to 132 MPa, while 
the strain a break decreased from 27.3 to 4.2 %, respectively. These changes in properties 
due to the addition of CNCs may be a result from several mechanisms, such as increased 
crystallinity of PAN-co-MAA, PAN-co-MAA/CNC interfacial interactions, CNCs acting 
as a reinforcement phase, and/or the formation of a CNC percolation network. WAXD 
results indicate that the increase in mechanical properties was not due to higher crystallinity 
of the PAN-co-MAA (see description in Appendix A).   
The role of the PAN-co-MAA/CNC interface on properties was considered by 
assessing the interfacial shear strength, which would give an indication of the load transfer 
between the matrix phase and the CNC reinforcement phase. The equation for the critical 
interfacial shear strength needed between the CNC and the matrix for the tensile strength 
of the CNC to be fully utilized can be found in Equation 2.1. Where τc, σf, D, and L are 
the critical shear strength of the interface, tensile strength of reinforcement (CNC), 
diameter of reinforcement, and length of reinforcement, respectively [109]. Using a CNC 
length of 153 nm, diameter of 6.3 nm, and a tensile strength of 7.5 GPa [11] the critical 
shear strength of the interface would need to be 154 MPa to fully utilize the tensile strength 
of the CNCs. The interfacial shear strength between various polymers and various types of 












To estimate the critical reinforcement length needed to fully utilize the tensile 
strength of the CNC reinforcement for our system, the Thomason modified [115] Kelly 
and Tyson [116] equation for randomly oriented short fiber composites was used. 
Assuming all the CNCs are the same length and diameter, and individually dispersed, the 
modified equation for tensile strength of the composite, σc, is given in Equation 2.2. Where 
η0, ϕ1, σf, σm, L and Lc are the orientation factor of reinforcement, volume fraction of 
reinforcement, tensile strength of reinforcement, tensile strength of matrix, length of 
reinforcement, and critical reinforcement length, respectively. For a 2-D randomly oriented 
composite the η0 can be assumed to be 3/8 [115, 117]. The elastic modulus of the matrix 
used was the elastic modulus of the neat PAN-co-MAA film which was 2.2 GPa. Solving 
the equation with the experimental data gave a critical reinforcement length of 876 nm 
(Figure A.6), and plugging this value back into Equation 2.1 gave an interfacial shear 
strength of 27 MPa. This should only be considered as an estimate as the actual interfacial 
shear strength might either be lower due to the possible formation of a CNC percolation 
network within the films or could be higher if the CNCs are not individually dispersed in 
the matrix. Combining these results with the measured average CNC length used in the 
current study, 153 nm, it suggests that it is not possible to fully utilize the tensile strength 












To estimate the effectiveness of CNCs in stiffening the PAN-co-MAA film the 
Cox-Krenchel model (Equation 2.3) for short fiber composites was used. The Cox-
Krenchel model assumes the reinforcement and matrix respond elastically, no axial loading 
on the reinforcement ends, and that there is a perfect matrix/reinforcement interface [118]. 
The terms η0, ηL, Ec, Ef, Em, and ϕ1 represent orientation factor of reinforcement, 
reinforcement stress transfer efficiency, elastic modulus of the composite, effective elastic 
modulus of reinforcement, elastic modulus of matrix, and volume fraction of 
reinforcement, respectively. The ηL (reinforcement stress transfer efficiency) can be 
calculated with Equation 2.4 with the variable β being equal to Equation 2.5. The terms 
νm, L, D, and Pf represents Poisson ratio of the matrix, length of reinforcement, diameter 
of reinforcement, and packing factor of the reinforcement [119, 120]. The length and 
diameter of the reinforcement used was 153 nm and 6.3 nm, respectively. The square 
packing factor, π/4, is often used for CNC composites, and was used for our calculations 
[121-123]. The Poisson ratio of the PAN matrix used was 0.07 [124]. 
 
Using Equations 2.3-2.5 and the methods of least squares, solving for Ef the 
effective elastic modulus of the CNC was calculated. Fitting the data gave an effective 
CNC elastic modulus of 19 GPa (Figure 2.7). This is much lower than the experimental 
 
 𝐸𝑐 = 𝜂0𝜂𝐿𝜙1𝐸𝑓 + (1 − 𝜙1)𝐸𝑚 
                                 
(2.3)  

























and theoretical elastic modulus of CNCs, which is 110-220 GPa, suggesting that the CNCs 
are underutilized in stiffening PAN-co-MAA. Considered here are two plausible 
mechanisms for why the CNC effective modulus was lower than the experimental and 
theoretical CNC modulus, i) CNC agglomeration within the matrix, and ii) less than 100% 
efficient stress transfer across the CNC matrix interface. CNC agglomeration is not 
desirable as it effectively results in a larger sized reinforcement particle, which 
significantly lowers CNC/matrix surface area, and has diminished mechanical properties 
as compared to individual CNCs. Using the Cox-Krenchel equations, larger sized CNC 
agglomerate should lead to lower reinforcement efficiency. The low extent of CNC 
agglomeration in the PAN-co-MAA/CNC films qualitatively assessed from optical and 
polarized microscopy, suggests this may not be the dominate mechanism. In contrast, the 
PAN-co-MAA/CNC interface is most likely non-ideal so that the 100% efficient stress 
transfer assumed in the Cox-Krenchel model would be unrealistic, suggesting this may be 
a more dominate mechanism. In partial support for this, the calculated interfacial shear 
strength of 27 MPa (from Equation 2.1) is low, and FTIR results showed there was no 
observable interaction between the CNC and the PAN, while there was interaction between 
the CNC and MAA, but the MAA only compromises of 4 % of the polymer.   
Comparing the results of the current study to the study by Chang et al. [41] which 
studied the role of CNC addition to PAN-co-MAA/CNC fibers. The addition of 10 wt% 
CNC loading was shown to increase the elastic modulus of the neat fibers from 14.5 to 
19.6 GPa, and the tensile strength from 624 to 709 MPa. These properties are considerably 




While the same polymer and CNCs were used, the differences in properties are considered 
to be associated with increases in CNC alignment, PAN-co-MAA polymer alignment, and 
in PAN-co-MAA crystallinity within the fiber as compared to the films, each of which have 
been shown to increase composite stiffness in the direction of alignment [26, 33, 125, 126]. 
The larger increase in properties with the addition of CNCs is likely due to the increase of 
PAN-co-MAA crystallinity with increasing CNC loading, and the highly aligned CNCs, 
Herman’s orientation factor of 0.9. While in contrast for the films discussed in this chapter 
the PAN-co-MAA and CNC had a 2-D random orientation, with no change in crystallinity 
with the addition of CNC.  
Figure 2.7. Experimental elastic modulus and the Cox-Krenchel Model predictions for 
varying CNC elastic moduli. Also the predicted isostrain and isostress curves, with a CNC 




























 Cox-Krenchel CNC=19 GPa







The addition of CNCs to PAN-co-MAA was shown to alter the suspension rheology, 
and the thermal-mechanical properties of the corresponding composites. A solution of 
PAN-co-MAA and suspensions of PAN-co-MAA/CNCs were made with a solid content 
of ≈4 wt%, with CNC loadings as high as 40 wt% of the solid content. The addition of 
CNCs leads to suspensions with higher viscosities at low shear rates, and a shear thinning 
behavior was observed in the composite suspensions, while a relatively Newtonian 
behavior was noted for the neat PAN-co-MAA solution. Additionally, an aging effect was 
observed for all the PAN-co-MAA/CNC suspensions with the viscosities increasing over 
time, and is believed to result from time dependent polymer adsorption onto the CNCs. 
Neat PAN-co-MAA and PAN-co-MAA/CNC films with up to 40 wt% CNC loadings were 
produced by solution casting. These composite films maintained a similar level of 
transparency as the neat PAN-co-MAA film. The Tg increased from 92 °C for the neat 
polymer to 118 °C at 30 wt% CNC loading. Thermal stability of PAN-co-MAA/CNC 
composite films were greater than both the neat PAN-co-MAA and neat CNC for 
temperatures under 350 °C in both air and nitrogen. Additionally, the residue yield of the 
composites were higher than predicted from rule-of-mixtures. These thermal results 
indicate chemical interaction between the PAN-co-MAA and CNCs when heated. FTIR 
results show an interaction between the CNCs and the carbonyl group of the MAA 
copolymerized with the PAN. The addition of CNCs did not change the degree of PAN-
co-MAA crystallinity. There was a trend of increasing elastic modulus and increasing 




wt% CNC loaded film, the elastic modulus increased from 2.2 to 3.7 GPa, the tensile 
strength increased from 75 to 132 MPa, while the strain a break decreased from 27.3 to 4.2 
%. The storage modulus of PAN-co-MAA increased from 3.9 to 10.5 GPa at 40 wt% CNC 
loading at 35 °C. The interfacial shear strength between the PAN-co-MAA and CNC was 
estimated to be 27 MPa, which is lower than the critical interfacial strength needed to fully 





CHAPTER 3. CELLULOSE NANOCRYSTALS EFFECT ON THE 
STABALIZATION OF POLYACRYLONITRILE COMPOSITE 
FILMS 
3.1 Introduction 
Polyacrylonitrile (PAN) is the main precursor for carbon fiber, and stabilization is 
a processing step that is required during the production of carbon materials. Similarly 
cellulose is also used to produce carbon material and a stabilization process is also needed 
to be done as a processing step. This stabilization is typically done in heated furnaces, and 
this is a very energy intensive process. Adding in fillers that could reduce the energy needed 
for stabilization can have a significant effect on reducing the cost of producing carbon 
materials. The addition of CNC on PAN film stabilization kinetics will be investigated. 
The structural development of the PAN-CNC film during the heat treatment process will 
also be studied.   
3.2 Experimental 
3.2.1 Materials  
The materials that were used are described in Section 2.2.1 in addition to those materials 
ACS grade methanol was obtained from VWR and used as is.  
3.2.2 Film and Fiber Preparation 
Film preparation was described in Section 2.1.3 except the solvent used to disperse 
the CNCs used to make the neat CNC film was DMF in this chapter. The neat PAN-co-
MAA fiber was also made by a previously described process [41]. First 15 grams of PAN-




The fiber was spun with a spinning unit with a 200 µm diameter spinneret (Hills Inc.). The 
solution was gel spun by spinning into -50 °C methanol with an air gap of ~5 cm, and the 
as spun draw ratio (ADR) was 3x. Afterwards the fiber was the kept at -50 °C in methanol 
for 1 day. The fiber was subsequently cold drawn at room temperature followed by hot 
drawing in a glycerol bath (165 °C). The total draw ratio (TDR) of the fiber was 15x with 
a diameter of ~15 µm. 
3.2.3 Characterization 
DSC was ran on TA instrument Q100. Sample sizes of 2 to 3 mg were used in 
standard aluminum pans. Samples were heated from 50 to 400 °C at a heating rate of 5, 10, 
15, and 20 °C/min in nitrogen and then rerun in air. Samples were also ran directly in air 
at a heating rate of 10 °C/min. Weight change with temperature change was investigated 
using TGA with an TA instruments Q500. Samples were heated from 50 to 400 °C at a 
heating rate of 5 °C/min in nitrogen then rerun in air. Fourier transform infrared 
spectroscopy (FTIR) was performed on a Spectrum One spectrometer (PerkinElmer Inc). 
The tests were done by grinding films with KBr and pressing a pellet. The scan range was 
700 to 4000 cm-1 with resolution of 4 cm-1. Wide-angle x-ray diffraction (WAXD) 
experiments were completed on a Rigaku MicroMax-002 (CuKα, λ=0.1542 nm) equipped 
with a Rigaku R-axis IV++ detector. MDI Jade 9 software was used to analyze the WAXD 
pattern. FTIR and WAXD were performed on neat PAN-co-MAA, neat CNC, and CNC-
40 before heating and after heating the samples to different temperature under different 




~100 µm thickness. (See Appendix B for a more in depth discussion on the DSC testing 
procedure and why it was ran this way) 
3.3 Results and Discussion 
3.3.1 Effect of Sample Geometry on Stabilization 
To determine if geometry had an effect on the stabilization reaction, neat PAN-co-
MAA fibers (15 μm diameter) and films (13 μm or ~100 μm thick) were tested in DSC. 
Initial heating runs in nitrogen showed that the magnitude of the cyclization peak between 
the fiber and films were similar (Figure 3.1a). In contrast, when the samples were rerun in 
air after nitrogen, there was a significant difference on the magnitude of the exothermic 
reaction that was based on sample geometry (Figure 3.1b). The fibers had an exothermic 
reaction about 4 times the magnitude of the 93 µm thick films and 2 times the magnitude 
of the 13 µm thick films. This effect of sample geometry on the reaction is believed to 
result from the rate of oxygen diffusion through the sample, which is dependent on the 
surface to volume ratio (SA:V). The PAN-co-MAA fibers have about 12 times the SA:V 
of the 93 µm film, and about 1.7 times the SA:V of the 13 µm film based on the geometry 
(see supporting information for calculations). The low magnitude of the exothermic 
reactions for the ~100 µm thick films made it difficult to determine the peak temperature 
of crosslinking, which can typically be determined on fibers [85, 87]. Note that the ~100 
µm thick films were used for the rest of the study, and thus the crosslinking temperatures 
were not determined. The effect of sample geometry can also be seen in the TGA curves 
(Figure 3.2). It was previously reported that weight gain can be observed in neat PAN fiber 




study, this was also observed, where for the PAN-co-MAA fiber TGA run in air after 
nitrogen there was an increase in weight of the neat PAN-co-MAA. The effect of sample 
geometry on weight gain was present, in which the fiber reached a max of 105% weight 
percent, the 13 µm thick film reached a max of 101% weight percent, while the 93 µm 
thick film did not experience an increase in weight throughout the run. Even though the 93 
µm thick film showed no apparent weight gain, oxidation to some degree likely occurred, 
though at a lower extent compared to the samples with higher specific surface area, and it 
is considered here that the mass gained by oxygen pick-up was offset by mass loss due to 
other reactions. 
Figure 3.1. DSC curves comparing neat PAN-co-MAA fiber vs film at a heating rate of 
10 °C/min. (a) in nitrogen (b) in air after being run in nitrogen. 
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Figure 3.2. TGA curves at a heating rate of 5 °C/min to show differences showing 
differences between film and fibers, and influence of thickness on films. (a) in nitrogen 
(b) in air after run in nitrogen.  
 
3.3.2 Effect of CNC Addition on Oxygen Permeability 
It has been hypothesized that the low permeability of oxygen for PAN (3*10-4 to 
6*10-3 barrer) is a contributing factor to the skin-core morphology that exists in stabilized 
and carbonized fiber [127-130]. If the oxygen permeability of CNCs or the CNC/PAN 
interface is higher than PAN, then the addition of CNCs could help provide a fast pathway 
for oxygen to travel within PAN, particularly if there is a percolated CNC network. This 
would lead to a more homogenous stabilization of the PAN, and could help prevent the 
skin-core morphology from forming, and possibly reduce the stabilization time. The range 
of reported permeability of CNC films is between 6.3*10-4 to 140.7 barrer [131, 132]. 
Partial support for CNCs having higher oxygen permeability than PAN-co-MAA was 
found in the TGA runs, where weight gain was observed in air rerun for the CNC film, but 
not the PAN-co-MAA and CNC-40 films (Figure 3.3). The diffusion of oxygen through 
the PAN-co-MAA on the surface in the CNC-40 sample is likely limiting the oxygen to 
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the sample, which is why we do not see weight gain. Though we do not see weight gain, a 
more homogenous stabilization should still occur in the composite samples because of the 
CNC network for oxygen diffusion into the film.   
 
Figure 3.3. TGA curves of films at a heating rate of 5 °C/min to show differences neat 
PAN-co-MAA, neat CNC, and CNC-40. (a) in nitrogen (b) in air after run in nitrogen.  
 
3.3.3 Effect of CNC Addition on PAN cyclization 
The results of the DSC measurement in nitrogen for neat PAN-co-MAA, neat CNC, 
and PAN-co-MAA/CNC composite films are summarized in Table 3.1, while Figure 3.4 
shows DSC plots of the sample ran in different environments at a heating rate of 10 °C/min. 
As reported in the literature at this heating rate the cyclization reaction of PAN has an 
exothermic peak around ~ 275 °C, which is similar to what was measured for the PAN-co-
MAA used in this study for the various heating rates. In contrast, CNCs have an 
endothermic peak at ~275°C that is related to dehydration and thermal scission of the of 
bridge oxygen [96, 133]. For cellulose, it has been reported that smaller particles and more 
compressed samples (e.g., more contact between cellulose) leads to lower thermal stability, 
[134, 135]. In the current study, neat CNC materials tested in DSC (heating rate of 10 
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°C/min) had a different curve shape, enthalpy of the endothermic reaction, and over 35 °C 
difference for the onset of dehydration, depending on how the CNC was prepared (e.g., 
solvent used to cast film, if the film was ground to a powder, or as received freeze dried 
CNC powder) (Figure B.1 and Table B.1). The CNC samples with higher surface area 
(e.g., ground films and freeze dried CNC powders) had higher thermal stability and 
enthalpy of reaction. Freeze dried CNCs were the most thermally stable, but freeze dried 
CNCs are still heavily aggregated at the micron scale as seen in previous studies [41, 134]. 
For the PAN-co-MAA/CNC composite films, the dispersion of CNCs was fairly good in 
that very little micron sized agglomerations were observed in Chapter 2, which should 
result in higher thermal stability of the CNCs. For consistency in measurement, the rest of 
the paper only as casted CNC film (from the CNC-DMF suspension) samples were tested.  
In general, the cyclization peak temperatures increased with increasing CNC 
loading at all heating rates (Table 3.1). However, for the CNC-5 and CNC-10 films there 
was either no change or a decrease in peak temperature compared to the neat PAN-co-
MAA at heating rates of 15 °C/min and lower. It has been previously reported by Liu et al. 
[85] that the addition of 1 wt% CNT into PAN also exhibited an increase in cyclization 
peak temperature. Additionally, Mathur et al. [136] reported that the DSC run of PAN 
fibers in air exhibited a higher onset and peak temperature for cyclization than when the 
sample was run in nitrogen. The presence of oxygen in CNC may be a contributing factor 
to the increased higher onset and peak temperature for cyclization. The shape of the 
cyclization curves were very similar between neat PAN-co-MAA and the PAN-co-




change in curve shape indicates that the dehydration reaction of the CNC may not have 
occurred during PAN cyclization, which is supported by FTIR and WAXD.  
 
 
Figure 3.4. DSC runs of the film samples at a heating rate of 10 °C /min in (a) nitrogen, 
(b) rerun in air after nitrogen, and (c) directly in air. 
 
3.3.4 Increased Thermal Stability of Cellulose Nanocrystal in Polyacrylonitrile 
Both FTIR and WAXD results indicate that chemical and structural breakdown of 
the CNC was shifted to higher temperatures for the PAN-co-MAA/CNC composites as 
compared to neat CNC. For neat CNC films the FTIR spectra (Figure 3.5b) show that after 
heating the CNC film to 310 °C, peaks associated with cellulose at 341 (COC in pyranose 






cm-1 (CO) started to lose their sharpness and started to merge [137, 138]. Likewise, WAXD 
patterns (Figure 3.6) show the disappearance of the peaks associated with cellulose II 
(2θ=20.4°) and cellulose I (2θ= 22.6°), indicating structural breakdown of the cellulose 
[107, 134, 139, 140]. In contrast, for the CNC-40 composite heated to 310 °C, the FTIR 
spectra maintain distinct peaks at 1161, 1113, 1061, and 1033 cm-1, and the WAXD retain 
the peaks associated with cellulose I and II, supporting the conclusion that dehydration and 
depolymerization of CNC had not occurred. It is considered here that having a fine CNC 
dispersion within PAN-co-MAA, which was previously seen in Chapter 2 could be one 
mechanism in retarding the dehydration and depolymerization reactions of the CNCs.  
 
Figure 3.5. FTIR plots of (a) neat PAN-co-MAA, (b) neat CNC, and (c) CNC-40 from 
4000 to 650 cm-1, and (d) neat PAN-co-MAA, (e) neat CNC, and (f) CNC-40 from 1500 
to 750 cm-1 after being heated at 10 °C/min in nitrogen. 
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Table 3.1. Summary of the onset and peak temperatures in the film DSC runs in nitrogen.  
Sample neat PAN-co-MAA CNC-5 CNC-10 CNC-20 CNC-30 CNC-40 neat CNC 
Onset of cyclization temperature 
@ 5 °C/min (°C) 
196 199 200 204 207 218 N/A 
Onset of cyclization temperature 
@ 10 °C/min (°C) 
208 212 211 217 221 228 N/A 
Onset of cyclization temperature 
@ 15 °C/min (°C) 
213 218 219 224 229 237 N/A 
Onset of cyclization temperature 
@ 20 °C/min (°C) 
222 224 224 229 235 242 N/A 
Cyclization peak temperature @ 
5°C/min (°C) 
265 262 262 267 268 270 N/A 
Cyclization peak temperature @ 
10°C/min (°C) 
275 271 274 278 278 282 N/A 
Cyclization peak temperature @ 
15°C/min (°C) 
280 279 280 284 285 288 N/A 
Cyclization peak temperature @ 
20°C/min (°C) 
284 284 285 289 290 293 N/A 
2nd exothermic peak temperature 
@ 5°C/min (°C) 
N/A N/A N/A 356 352 349 361 
2nd exothermic peak temperature 
@ 10°C/min (°C) 
N/A N/A N/A 370 364 361 372 
2nd exothermic peak temperature 
@ 15°C/min (°C) 
N/A N/A N/A 378 373 370 380 
2nd exothermic peak temperature 
@ 20°C/min (°C) 





3.3.5 Effect of CNC Additions on Cyclization Activation Energy and Reaction Rates 
The average enthalpy of reaction during cyclization over the four heating rates can 
be found in Table 3.2. The composite samples’ enthalpy of cyclization is similar to the 
weight fraction of PAN-co-MAA it is composed of, though the values calculated by PAN-
co-MAA weight fraction are still slightly higher than the experimental values. This 
discrepancy between the calculated and experimental value is likely due to heat released 
during cyclization is being absorbed by the CNC in the composite. Using the cyclization 
peak temperature at different heating rates, the activation energy of cyclization (Figure 
3.7a and Table 3.3) can be calculated with Kissinger’s equation (Equation 3.1) [141] 
where Ea, R, ϕ, and Tp are activation energy (kJ/mol), universal gas constant (8.314 
J/(mol*K)), heating rate (K/min), and reaction peak temperature (K), respectively. It was 
found that the activation energy decreased in all composite samples to a consistent value 
of ~147 kJ/mol (~16 % decrease) compared to the neat PAN-co-MAA sample value of 175 
kJ/mol. Using the activation energy the reaction rate constant (k) can be calculated with 
Equation 3.2, while the pre-exponential factor, A , can be determined from Equation 3.3, 
where T is the temperature (K) at which the reaction rate is being solved [87, 142]. The 
temperature has large effect on the reaction rate constant, so the reaction rate constant was 
solved for a heating rate of 10 °C/min at 200, 250, and 300 °C. These temperatures were 





Figure 3.6. WAXD plots of (a) neat PAN-co-MAA, (b) neat CNC, and (c) CNC-40 after 


































Table 3.2. Experimentally measured and the rule of mixtures estimate of enthalpy of 














Experimental average enthalpy 
of cyclization (J/g)a 
648 607 569 494 412 344 
Theoretical enthalpy of 
cyclization as function of PAN-
co-MAA weight percent (J/g) 
648 615 583 518 453 389 
a Average of the runs ran at a heating rate of 5, 10, 15, and 20 °C/min. 
 
Figure 3.7.  Graphs used to calculate the activation energy of the (a) cyclization of film 
samples in nitrogen atmosphere, (b) 2nd exothermic reaction in the film samples in 
nitrogen atmosphere, and (c) oxidation of film samples re-run in air after being run 







As summarized in Table 3.3, the cyclization reaction rate constant for both the neat 
PAN-co-MAA and the composites increases with increasing T. For the composites 
samples, increasing CNC loading results in a lower reaction rate constant, the extent of 
which was dependent on T. Interestingly, the effect of CNC addition on the cyclization 
reaction rate constant with respect to the neat PAN-co-MAA was dependent on T. For 
example, at 200 °C all composite samples had a higher reaction rate constant than neat 
PAN-co-MAA, while at 300 °C the opposite was true with neat PAN-co-MAA having the 
highest reaction rate constant. 
3.3.6 Development of a 2nd Exothermic Peak in Composite Samples 
A 2nd exothermic peak in DSC developed in the PAN-co-MAA/CNC composite 
samples above 300 °C in nitrogen (Figure 3.4), which did not occur in the neat PAN-co-
MAA samples. The activation energy of this 2nd exothermic peak (Figure 3.7b and Table 
3.3) was calculated for CNC-20 and higher CNC loaded samples. At the lower CNC 
loadings the curves were not perfectly smooth making it difficult to determine the peak 
temperature. There was a trend of increasing activation energy with increasing CNC 






Table 3.3. Activation energy, pre-exponential factor (A), and reaction rate constant (k) for cyclization, 2nd exothermic peak, 
and oxidation, calculated from DSC measurements at different heating rates using Kissinger’s method. The results of the 
cyclization and 2nd exothermic peak were from experiments conducted in nitrogen, while the oxidation results were done in air 











CNC-5 CNC-10 CNC-20 CNC-30 CNC-40 neat CNC 
Activation Energy of 
Cyclization (kJ/mol) 
175 147 145 146 150 145 N/A 
A for cyclization (s-1) 3.3 x 1016 7.4 x 1013 4.0 x 1013 4.0 x 1013 1.0 x 1014 2.5 x 1013 N/A 
k of cyclization @ 200 °C (s-1) 0.0016 0.0044 0.0040 0.0031 0.0026 0.0025 N/A 
k of cyclization @ 250 °C (s-1) 0.11 0.17 0.14 0.11 0.10 0.09 N/A 
k of cyclization @ 300 °C (s-1) 3.8 3.0 2.5 2.0 2.1 1.6 N/A 
Activation Energy of 2nd 
exothermic peak (kJ/mol) 
N/A N/A N/A 156 162 169 174 
Activation Energy of 
Oxidation (kJ/mol) 
89 95 84 87 76 77 N/A 
A for oxidation (s-1) 7.0 x 108 3.2 x 109 1.8 x 108 4.4 x 108 3.3 x 107 5.4 x 107 N/A 
k of oxidation @ 200 °C (s-1) 0.12 0.10 0.11 0.12 0.14 0.17 N/A 
k of oxidation @ 250 °C (s-1) 0.99 0.99 0.80 0.95 0.87 1.10 N/A 




The formation of this 2nd exothermic peak is considered to result from; i) CNC 
reactions interactions, ii) PAN-co-MAA/CNC interactions, or iii) a combination of these 
two reactions occurring simultaneously. This exothermic reaction in neat CNCs is 
associated with a mixture of dehydration, decarbonylation, decarboxylation, and the 
formation of levoglucosan, which forms gaseous products like CO, CO2, CH4, and H2O 
[96, 144]. For the composite samples the exothermic peak was sharper than in the neat 
CNC sample, and shifts to lower temperatures with increasing CNC loading, where at 40 
wt% CNC loading the shift was ~10 °C lower than for the neat CNCs. Since there were no 
dehydration or depolymerization reactions observed at lower temperatures, it is possible 
that there is either a change in the reaction kinetics of cellulose or a different set of reactions 
are occurring in the cellulose.  
The 2nd exothermic peak could also be due to reactions between PAN-co-MAA and 
CNC, four proposed reactions are given in Figure 3.8. The proposed reactions are based 
on the degradation pathway of cellulose and the oxidation pathways of PAN, because 
according to our experiments cellulose has not undergone depolymerization and PAN has 
not undergone oxidation before this exothermic peak.  In support of reactions between 
PAN-co-MAA and CNC, the TGA data (Figure 3.3 and Table 3.4) shows that the 
experimental yield of CNC-40 is higher than the rule of mixture yield of the PAN-co-MAA 
and CNCs after heating to 400 °C. One of the ways CNCs could interact with PAN-co-
MAA is by supplying oxygen needed for reactions. As a result of depolymerization of 
CNCs, oxygen could be made available that would promote a reaction with PAN-co-MAA. 




3.4) show an exothermic reaction that occurs after cyclization while in nitrogen this does 
not occur.  
  












Table 3.4. Yield of the films after running the samples in the TGA at 5 °C/min to 400 °C. 
Sample neat PAN-co-MAA  CNC-40 neat CNC 
Experimental yield after run in 
Nitrogen (wt%) 
74 69 43 
Experimental yield after rerun in Air 
(wt%) 
99 98 78 
Rule of Mixture yield after run in 
Nitrogen (wt%) 
N/A 62 N/A 
Rule of Mixture yield after rerun in 
Air (wt%) 
N/A 91 N/A 
 
3.3.7 Effect of CNC Additions on Oxidation Activation Energy and Reaction Rates 
DSC of films ran in nitrogen and then re-ran in air (Figure 3.4) show a larger 
exothermic reaction for neat CNC films than for neat PAN-co-MAA films. The CNCs 
reaction with oxygen could be more exothermic than PAN or it is possible that the pure 
CNC films used in the study had a higher surface area due to surface roughness and/or 
porosity. It has previously been reported that casted CNC films are typically not fully dense 
[33]. This leads to an increase in the oxygen diffusion rate thus leading to the much higher 
exothermic reaction. Similarly to when PAN fibers are rerun in air the exothermic reaction 
was much higher than the PAN films, presumably due to the large surface area to volume 
ratio in the fibers leading to higher oxygen diffusion rates (Figure 3.3). The DSC curves 
of the composite films do not follow the rule of mixture, being much less exothermic than 
expected. This could be a result of the composite films having much less porosity than the 
pure CNC films, or that PAN-co-MAA having lower oxygen permeability than CNC, 
making the oxygen diffusing through the PAN-co-MAA the limiting factor for the CNC 




The activation energy of oxidation (Figure 3.7c and Table 3.3) was calculated with 
Kissinger’s equation (Equation 3.1), using the oxidation peak temperature at different 
heating rates (Table 3.5). At low CNC loadings (5 and 10 wt%) the oxidation peak 
temperature increases compared to neat PAN-co-MAA, while at higher CNC loadings the 
peak temperature decreases. It is considered here that oxygen in the CNC facilitates the 
oxidation of PAN, which is more energetically inclined during the first nitrogen run. The 
decrease in peak temperature at higher CNC loadings is considered to result from a larger 
presence of oxygen and potentially faster diffusion path along a percolated CNC network 
within the PAN-co-MAA.  Interestingly,  Liu et al. [85] reported that at low CNT loadings 
(1 wt%)  the oxidation peak temperature also increased.   
As summarized in Table 3.3, there was a small effect of CNC additions to PAN-
co-MAA on the activation energy of oxidation and on the oxidation reaction rate constants. 
With increased CNC loadings within the composite samples, there was a weak trend of 
decreasing activation energy, but the oxidation reaction rate constant showed no consistent 
trends (at all temperatures). With increasing T, the oxidation reaction rate constant for both 
the neat PAN-co-MAA and the composites decreases. At certain CNC loadings and 
temperatures, the oxidation reaction rate constant was higher than neat PAN-co-MAA. It 
was found that at 200 °C samples CNC-20, CNC-30, and CNC-40 had higher (or the same) 
reaction rate constant for both cyclization and oxidation than neat PAN-co-MAA. This 
indicates conditions in which the addition of CNCs into PAN-co-MAA can reduce the 





Table 3.5. Peak temperature of the oxidation reaction measured via DSC of films run in 
nitrogen and then re-run in air.  
Sample neat PAN-
co-MAA 
CNC-5 CNC-10 CNC-20 CNC-30 CNC-40 
Oxidation peak 
temperature @ 10 
°C/min (°C) 
229 232 232 229 225 220 
Oxidation peak 
temperature @ 15 
°C/min (°C) 
238 238 243 238 235 231 
Oxidation peak 
temperature @ 20 
°C/min (°C) 
244 246 247 245 243 237 
 
3.4 Conclusions 
With the addition of CNCs to PAN-co-MAA there was a 16% reduction in the 
activation energy of the PAN cyclization reaction, the extent of which did not change with 
CNC loading. This indicates that CNCs are potentially acting as a catalyst for the 
cyclization PAN. In contrast, the activation energy of oxidation was minimally affected by 
CNC addition. At certain CNC loadings and temperatures, the reaction rate constant for 
both cyclization and oxidation were higher for PAN-co-MAA/CNC composites than for 
neat PAN-co-MAA, indicating that the addition of CNCs into PAN-co-MAA can reduce 
the energy needed for stabilization. The PAN-co-MAA onset of cyclization temperature 
increased with CNC loading. The peak temperature of cyclization, as compared to the neat 
PAN-co-MAA, was shifted to lower temperatures at low CNC loadings and at low heating 
rates, while at higher CNC loadings and at higher heating rates it was shifted to higher 
temperatures. Additionally, CNCs within the PAN-co-MAA/CNC composite were more 




not exhibit the dehydration reaction seen in neat CNC films that occurs at ~275 °C, while 
FTIR and WAXD showed that the chemical and structural changes of CNCs occurred at 
higher temperatures. Lastly, the oxidation reaction of PAN-co-MAA was influenced by the 
surface area to volume ratio of the sample that was tested, while the cyclization reaction 





CHAPTER 4. POST-SULFONATION OF CELLULOSE 
NANOFIBRILS WITH A ONE-STEP REACTION TO IMPROVE 
DISPERSIBILITY 
4.1 Introduction 
Dispersibility of nanofillers is very important factor to achieve high properties in 
nanocomposites. To achieve good dispersibility in the polymer, good dispersibility in the 
polymer suspension is required, and this in turn requires good dispersibility of the 
nanofillers in solvent. The surface interaction between the polymer and nanofiller is also 
very important determining factor of how well the nanofiller reinforces the polymer. In this 
chapter we developed a sulfonation process for CNFs that mimics the same surface 
chemistry as CNCs produce by sulfuric acid hydrolysis. This process is faster than other 
reported sulfonated methods for CNF and the TEMPO oxidation method. We also 
investigate the change in surface chemistry when the CNF is dispersed in water and DMF 
to study how the CNF surface chemistry changes during the polymer CNF suspension 
making process.  
4.2  Experimental 
4.2.1 Materials 
Freeze dried CNF (Lot #U38) produced by mechanical treatment at the Process 
Development Center, University of Maine, were used in this study. Anhydrous DMF, 
TEMPO free radical (98%), sodium hypochlorite (NaClO) (14.5% available chlorine in 
water), sodium hydroxide (NaOH), and hydrochloric acid (HCl) (36 wt%) was obtained 




(distilled before use) was obtained from Sigma-Aldrich Corporation. Sodium bromide 
(NaBr) was obtained from Fisher Scientific. Potassium bromide (KBr) was obtained from 
Specac Ltd. Dialysis Tubing 14,000 MW cutoff was obtained from Ward’s Science.  
4.2.2 Sulfonation of Cellulose Nanofibrils 
Three different sulfonations were completed with varying moles of CSA to 
anhydroglucose units (AGU) ratios of 0.5:1, 1.5:1, and 2.5:1, these samples will be referred 
to as SCNF1, SCNF2, and SCNF3, respectively. For the sulfonation reaction, nitrogen was 
constantly flowed through the system to prevent water from the air to get into the system. 
All the glassware was dried in an oven at 110°C overnight to remove all adsorbed water 
before use. In a three neck flask, 4 g of freeze dried CNFs was added to 400 mL of DMF 
and left for 30 minutes to let the CNF absorb the DMF. This mixture was then homogenized 
with an IKA T18 basic Ultra-Turrax for 5 minutes (at a setting of 3.5) followed by another 
15 minute soak and 5 minutes of homogenization (at a setting of 3.5). Due to the small 
amount of CSA being used to increase accuracy a large batch of DMF and CSA was 
prepared, in which 35 mL of DMF was chilled in an ice bath for 10 minutes before 7 mL 
of CSA was slowly added into the DMF while undergoing stirring. The desired amount of 
this CSA/DMF solution was slowly added (~1 minute) to the CNF/DMF mixture while 
undergoing stirring. For each different CSA to AGU ratio sulfonation experiment 1 batch 
was made and multiple samples were taken out after 5, 30, and 60 minutes after the 
CSA/DMF solution was added. For the naming scheme the samples will be referred to as 
SCNF1-5, SCNF1-30, and SCNF1-60 for the 0.5:1 CSA to AGU ratio samples that reacted 




the same naming scheme. The reaction was stopped after taking out the sample by adding 
1 ml of methanol for every 5 ml of sample taken out. Samples were washed multiple times 
by centrifugation (15000 x g) with deionized (DI) water until the pH of the supernatant was 
neutral (pH strips were used) followed by two additional washings. This process was also 
repeated with a 0:1 CSA to AGU ratio with a sample taken after 60 minutes of stirring to 
be used as the control sample and will be referred to as unfunctionalized CNF in the rest 
of the paper. (See Appendix C for discussion on how the procedure for sulfonation was 
decided and initial difficulties encountered in carrying out this process). 
4.2.3  TEMPO Oxidation of Cellulose Nanofibrils 
The post TEMPO oxidation on existing CNF was completed with a molar ratio of 
2:1 NaClO:AGU. In a three neck flask, 4 g of freeze dried CNF was added to 400 mL of 
DI water and left for 30 minutes. This mixture was then homogenized with an IKA T18 
basic Ultra-Turrax for 5 minutes followed by another 15 minutes soak and another 5 
minutes of homogenization with the same settings mentioned above. Then 0.08 g of 
TEMPO free radical and 0.5 g NaBr was added to the suspension while undergoing stirring 
with a stir bar and was stirred for 1 hour to make sure the chemicals were dissolved. The 
pH of the suspension was adjusted to 10.5 by adding 0.5 M NaOH aqueous solution. The 
pH was monitored with a pH meter UltraBASIC (Denver Instruments). Then 25.7 g of 
NaClO aqueous solution (14.5 wt%) was added drop wise, after this addition, the pH was 
monitored and adjusted to stay between 10-10.5 by adding 0.5 M NaOH aqueous solution. 
Once the pH stabilizes the reaction is finished (~2 hours), and 23.5 g of NaCl was added 




1 M NaCl aqueous solution 4 times. The CNF was then protonated by stirring overnight in 
1 L of 0.1 M HCl aqueous solution. Afterward the CNF was centrifuged and washed with 
DI water until the pH of the supernatant was neutral (pH strips were used), followed by 
two additional washings. CNFs were then put in dialysis bags and dialyzed in a large 
container with DI water. The water was changed every 2 hours for the first 3 exchanges 
followed by water exchanges two times a day for 3 days. After this process it was 
determined that the CNFs was not fully protonated and still contained COO- groups 
attributed to the COONa. Consequently, 0.7 g of this CNF was further protonated in in 100 
mL of 0.25 M HCl for 24 hours. Then the same cleaning process used before was followed 
without the dialysis step. Only this fully protonated CNFs will be used for characterization 
and discussed in this paper and will be referred to as TEMPO CNF. 
4.2.4 Dispersion and Film Making Process 
The unfunctionalized, sulfonated, and TEMPO CNFs were dispersed in DMF and 
water to make 0.1 wt% solids suspensions (30 g total weight). These were then 
homogenized with an IKA T18 basic Ultra-Turrax for 5 minutes (at a setting of 1) followed 
by another 5 minutes (at a setting of 2) before being sonicated in a bath sonicator (Branson 
3510R-MT, 100 W, 42 kHz) for 3 days in a 50 mL polypropylene centrifuge tube. The 
samples’ transparency was measured with ultraviolet-visible spectroscopy (UV-vis) to 
assess dispersion. The DMF/CNF and water/CNF dispersions were cast in a glass petri dish 
and put in an oven at 30 °C with airflow to make films. The films were used for wide angle 






A total of eleven different CNF samples were investigated and characterized in 
this study, as summarized in Table 4.1 Scanning electron microcopy (SEM) was 
completed using a Zeiss Ultra60 FE-SEM, in which samples were dispersed at 0.02 wt% 
in DMF (approach similar to that outlined above) and then drop casted on a conductive 
substrate (samples we not coated prior to imaging). Elemental analysis was performed by 
Atlantic Microlab Inc. to measure the sulfur content. The CNFs were freeze dried 
followed by vacuum drying before testing. The testing was done using a Carlo Erba 1108 
Elemental Analyzer. The samples were weighed, combusted, separated by gas 
chromatography, and then the sulfur amount was measured by thermal conductivity. The 
degree of substitution for the sulfonated samples were calculated based on the sulfur 
content and the equation used can be found in Appendix C. The degree of substitution 
for the TEMPO CNF was determined with conductometric titration and the procedure can 
be found in Appendix C [77].  
WAXD was used to assess crystallinity index (CI) changes between the neat and 
functionalized CNFs. Measurements were completed on a Rigaku MicroMax-002 (CuKα, 
λ=0.1542 nm) equipped with a Rigaku R-axis IV++ detector, and the data was analyzed 
with MDI Jade 9 software. The CI of the samples were determined by the peak height 
method (Segal method) [145, 146], and is calculated with Equation 4.1, with I002 being 
the peak height at 2θ=~23°, and Iam being the minimum value at 2θ= ~18.5°.  
𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (%) = (
𝐼002 − 𝐼𝑎𝑚
𝐼002








Table 4.1. Summary of characteristics of the unfunctionalized and functionalized CNFs. 
 
a Crystallinity index 
b CNF dispersed in DI water (0.1 wt%) 
c CNF dispersed in DMF (0.1 wt%)




mmol of sulfate 
groups/g of 
cellulose 
CI (%)a  Zeta Potential 
(mV) 
Transmittance 
at 600 nm (%)b 
Transmittance at 





















0 0.30 0 77 -49 ± 4 17 73 
SCNF1-5 
 
1.7 0.09 0.56 73 -39 ± 1 9 60 
SCNF1-30 
 
2.3 0.12 0.74 72 -43 ± 2 12 76 
SCNF1-60 
 
2.6 0.14 0.86 72 -43 ± 2 13 80 
SCNF2-5 
 
2.5 0.14 0.86 69 -45 ± 2 9 67 
SCNF2-30 
 
3.9 0.22 1.36 65 -47 ± 2 28 75 
SCNF2-60 
 
4.5 0.26 1.60 59 -43 ±2 29 82 
SCNF3-5 
 
3.7 0.21 1.30 70 -40 ± 2 12 69 
SCNF3-30 
 
4.3 0.24 1.48 57 -44 ± 1 34 78 




FTIR was completed on a Spectrum One (PerkinElmer, Inc.) to observe if there 
were any differences between the unfunctionalized, sulfonated, and TEMPO CNF. FTIR 
was done in transmission mode with pellets of KBr and the cast films. To make the pellets 
for FTIR, KBr and the cast films were ground into a powder and then pressed into a pellet 
using a KBr pellet die from International Crystal Laboratories. The scan range was 750   
cm-1 to 2000 cm-1 with a resolution of 4 cm-1 with 128 scans. Zeta potential was completed 
on a ZEN 3690 (Malvern Instruments) with 0.005 wt% samples in 0.5 mM NaCl aqueous 
solutions. UV-Vis was used to determine the quality of dispersion of the CNF. The 
measurements were completed on a Lambda 35 (PerkinElmer Co.) with quartz cuvettes 
with a scan speed of 480 nm/min with a resolution of 1 nm over a range of 400 to 700 nm. 
4.3 Results and Discussion 
4.3.1 Change in morphology 
The morphology of the unfunctionalized CNF, TEMPO CNF, and SCNF3-60 are 
shown in Figure 4.1, and SEM images of all samples can be found in Appendix C (Figure 
C.1). Unfunctionalized CNF have a fibril-like morphology with high aspect ratio, and form 
a dense network structure. The TEMPO CNF also has a fibril-like morphology with a lower 
aspect ratio, and was well dispersed on the imaging substrate. For the sulfonated CNF, all 
reaction times at all CSA to AGU reaction ratios show differences in the overall particle 
morphology (e.g. shorter, thinner diameter, less bundled) and network formation, but in 
general still retain a fibril-like morphology. In contrast, previous work on sulfonation of 
cellulosic material was usually done to make highly soluble cellulose sulfate that did not 




sulfonated cellulosic materials retaining a fiber morphology, these cases used large starting 
diameter materials like cotton pulp with short reaction times, and the functionalized fibers 
typically have large diameters (>20 µm) [150]. In contrast, by using CNF as a starting 
material our sulfonated CNF had a less than 100 nm, and retained their fibril-like 
morphology with no observable agglomeration. 
 
Figure 4.1. SEM images of the unfunctionalized CNF, TEMPO CNF, and SCNF3-60 
showing that SCNF3-60 still retain fibril-like morphology. The TEMPO CNF exhibits a 
shorter length than the unfunctionalized CNF and SCNF3-60. Scale bar is 2 µm. 
 
4.3.2 Elemental Analysis and FTIR 
Elemental analysis confirmed there was no sulfur in the unfunctionalized CNF and 
TEMPO CNF, which was expected (Table 4.1). With increasing reaction time the sulfur 





content increases in the sulfonated samples at the same CSA to AGU ratio. The higher the 
CSA to AGU ratio used resulted in a higher sulfur content for the same reaction time. The 
SCNF2-60 sample had 4.5 wt% sulfur and the SCNF3-60 had 5 wt%, suggesting a leveling 
off of functionalization while maintaining the CNF fibril-like morphology. The theoretical 
maximum amount of sulfur if all hydroxyls were functionalized would result in ~24 wt% 
sulfur. The sulfonation reaction was relatively initially quick; where for the three different 
CSA to AGU reactions over 50% of the sulfur content was on the CNF after 5 minutes of 







Figure 4.2. FTIR spectra of the CNF films (cast from CNF-water suspension) showing 
differences in peaks between unfunctionalized and functionalization CNF.  
 
The FTIR spectra (Figure 4.2 and Figure C.2) were normalized to the peak at 1112 
cm-1 (stretching of the C-O-C and in-phase ring wagging), because the functionalization 
should have little effect on it [137]. The peak around 1635 cm-1 is typically associated with 
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bound water, while the SCNF3-60 displayed a bound water peak at 1647 cm-1. The 1730 
cm-1 peak is associated with the acid form of carboxyl groups (COOH) [82, 151]. The 
sulfonated CNF have 2 new peaks, a broad peak at 1250 cm-1 and a relatively narrow peak 
at 811 cm-1 associated with S=O and C-O-S bonds, respectively [152]. The presence of 
these peaks, which were not present in the unfunctionalized and TEMPO CNF, indicates 
that the CNFs were sulfonated. With increasing CSA to AGU ratios the 1250 and 811      
cm-1 peaks had higher absorbance indicating the samples were more sulfonated, which is 
supported by the elemental analysis (Table 4.1). This result is expected and is consistent 
with literature [153, 154]. The exception was SCNF1-30, despite elemental analysis 
showing higher sulfur content than SCNF1-5, there was less absorbance than SCNF1-5, 
and the reason for this discrepancy is unclear.   
4.3.3 Change in Crystallinity 
The WAXD integrated radial patterns of unfunctionalized CNF, TEMPO CNF, and 
SCNF3-60 is given in Figure 4.3, showing this sulfonation method can affect the 
crystallinity of the resulting CNF (Table 4.1). In general, there was a lower CI with longer 
reaction times and with higher CSA to AGU ratio. For comparison, the decrease in CI was 
much lower with the sulfonation approach used in this study than the regioselective 
oxidative bisulfite method [80]. Liimatainen et al [80] reported a sulfonated CNF with 0.51 
mmol of sulfonated groups/g cellulose resulted in a ~ 54% decrease in CI (i.e. from ~65% 
down to ~30%). By comparison, for the SCNF1-60 sample, having similar concentration 
of sulfonated groups (0.56 mmol/g cellulose), had only a ~3% decrease in CI (i.e. from 



















mmol/g cellulose), had only a ~29% decrease in CI (i.e. from 75% down to 53%). This 
shows the reaction method used in this study maintains the cellulose crystal structure much 
better than the regioselective oxidative bisulfite method. The retention of CI should result 
in higher mechanical properties of the functionalized CNF, which can be translated into 






Figure 4.3. WAXD integral scan of the unfunctionalized, TEMPO CNF, and SCNF3-60. 
4.3.4 Zeta Potential 
Zeta potential is the measure of the difference between the electrostatic potential of 
two surfaces, and can be used to assess the stability of CNF suspensions [155, 156]. The 
zeta potential of each sample in 0.5 mM NaCl aqueous solution, was -25 mV, -49 mV and 
-39 to -48 mV for unfunctionalized, TEMPO, and sulfonated CNFs, respectively. This zeta 
potential measured for unfunctionalized CNF is consistent with what is reported in other 
studies for cellulose [157, 158]. For the sulfonated samples, in general, for the same CSA 
to AGU ratio longer reaction times typically lead to slightly higher zeta potentials. The 




the highest CSA to AGU ratio. Interestingly, when extending sulfonation reaction times 
beyond the initial 5 minute reaction (i.e. SCNF1-5, SCNF2-5, and SCNF3-5), the change 
in zeta potential with increasing sulfur content was minimal, suggesting that the surface of 
the fibrils reacts quickly and reach a saturated state. Further sulfonation seems to only 
marginally increase the zeta potential. This may be due to additional sulfur groups being 
located below the fibril surface where they are shielded from solution and are not able to 
contribute to the surface charge. This is somewhat corroborated by the decrease in 
crystallinity with increasing sulfur content, suggesting that the cellulose chains become 
less ordered with increased sulfonation.  
4.3.5 Dispersibility 
UV-Vis spectra can be used to assess the dispersion quality of suspensions, because 
transmittance is related to the width of the nanofiber, which in turn can be related to 
aggregation of the CNF [78, 159, 160]. The UV-Vis data for unfunctionalized, TEMPO, 
and sulfonated CNFs dispersed at 0.1 wt% either in water or in DMF is given in Figure 
4.4 and Figure C.3 and the transmittance values of all the samples at 600 nm are listed in 
Table 4.1. All sulfonated CNF dispersions have better transparency than the 
unfunctionalized CNF, and in many cases were even better than TEMPO CNF dispersion. 
In general, longer sulfonation times leads to higher transmittance, and there is a large 
increase in transparency for the sulfonated CNF between 5 and 30 minutes of reaction time, 
while there is little change in transparency between 30 and 60 minutes. Though the 
mechanism is for this behavior is unclear, it is plausible that the increase in transmittance 




5, and SCNF3-5) is a result of improved dispersion as seen from the increased surface 
charge. Whereas the increase in transmittance between 5, 30 and 60 minutes, is a 
consequence of a finer CNF morphology resulting from the sub-surface sulfonation of the 
CNF (see Figure C.1), allowing for increased CNF fibrillation during the homogenization 
steps when making the dispersion used for UV-vis testing.  
Our sulfonated CNF displayed significantly better transmittance in solvent 
compared to unfunctionalized CNF with as low as 5 minutes of reaction time, while the 
previously reported sulfonation method (regioselective oxidative bisulfite) for CNF took 
over 3 days of reaction time [80, 81, 161]. Depending on the CSA to AGU content only 30 
to 60 minutes of reaction time is needed to make a sulfonated CNF that has comparable to 
or better transmittance in solvent than TEMPO CNF, which is shorter than the preparation 






Figure 4.4. UV-Vis spectra of CNF dispersions in (a) water and (b) DMF after 3 days of 





(a) (b) CNF-DMF CNF-water 





























































4.3.6 Effect of Dispersing and/or Heating in Different Solvent 
The effects of dispersing CNFs in DMF versus water, and heating of CNF-solvent 
suspensions on the functional groups were also studied, because materials often undergo 
heating in solvent in the process of making composites. Films were made by the process 
previously described with the 3 days of dispersion. After the dispersion half of the 
suspension was cast to produce films, while the other half of the suspension was then 










Figure 4.5. Comparison of FTIR spectra of CNF film cast after being dispersed in water 
versus DMF (no heating). (a) unfunctionalized CNF showing no difference, (b) TEMPO 
CNF showing a decrease in the 1730 cm-1 peak and a newly developed peak at 1613 cm-1 
associated with the COO- when dispersed in DMF, and (c) SCNF3-60 developing 
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FTIR comparison of the unfunctionalized CNF films cast from CNF-DMF versus 
CNF-water suspensions shows there was minimal differences (Figure 4.5). The SCNF3-
60 sample dispersed in DMF showed a slight decrease in magnitude of the peaks associated 
with sulfate groups (1250 and 811 cm-1). Additionally, there was the development of a 
shoulder at 1710 cm-1, which could be associated with C=O in formate and will be 
discussed later. The TEMPO CNF cast from DMF exhibited a broadening of and decreased 
amplitude of the peak associated with COOH (~1730 cm-1), and also a peak develops at 
1613 cm-1 that is associated with COO- [82, 151]. The decrease in the 1730 cm-1 peak and 
the newly developed 1613 cm-1 peak is due to the acid form carboxyl groups forming 
(carboxyl dimethylammonium groups), and will be discussed later. The broadening of the 
1730 cm-1 peak occurs due to the larger peaks at 1613 and 1635 cm-1 overlapping with the 
1730 cm-1 peak. 
FTIR comparison of the films cast from CNF-water suspensions with and without 
heating indicates there is no change in unfunctionalized and TEMPO CNF when it was 
heated (Figure 4.6). For SCNF3-60, there was a drastic decrease in the peak heights 
associated with sulfonation (1250 and 811 cm-1), suggesting a cleavage of the sulfate 
groups off the CNFs, as has been previously reported for cellulose nanocrystals when 
heated [162-164]. 
FTIR comparison of the films cast from CNF-DMF suspensions with and without 
heating indicates there was no change in unfunctionalized and TEMPO CNF as a result of 
heating (Figure 4.7). For the SCNF3-60 sample, a peak develops at 1710 cm-1, where only 




sulfonation (1250 and 811 cm-1), similarly to what happened after heating the CNF-water 
suspensions. There was also a shoulder previously because of the larger peak at 1635 cm-1 












Figure 4.6. Comparison of FTIR spectra of CNF dispersed in water (no heating) and cast 
versus the dispersion heated for 3 days at 70 °C then cast. After heating the (a) 
unfunctionalized CNF shows no change, (b) TEMPO CNF shows no change, and (c) 
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Figure 4.7. Comparison of FTIR spectra of CNF dispersed in DMF (no heating) and versus 
the dispersion heated for 3 days at 70 °C then cast. After heating the (a) unfunctionalized 
CNF shows no difference, (b) TEMPO CNF shows no difference, and (c) SCNF3-60 
showing a decrease in the 1250 and 811 cm-1 due to cleavage of the sulfate groups. Also a 
decrease in the 1647 cm-1 peak and the shoulder at 1710 cm-1 developing into a peak 
The mechanism for additional functionalizations to TEMPO and sulfonated CNF 
when dispersed in DMF occurs because dimethylformamide decomposes into formic acid 
and dimethylamine in the presences of water. These two compounds can undergo partial 
ionization to form dimethylammonium cations and formate anions [165]. The 
decomposition of DMF can be seen in the equations below.  
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Upon addition of CNFs to DMF trace amount of water is introduced that promotes 
the formation of the DMF degradation products. The peak observed at 1710 cm-1 in the 
FTIR spectrum of the sulfonated samples when dispersed in DMF is typically associated 
with carbonyl groups, suggests that an exchange of functional groups may be occurring 
during mixing CNF in DMF. It is known that cellulose formate can form when formic acid 
is added to a cellulose/DMF suspension. The formic acid formation due to the degradation 
of DMF results in formate groups forming on the CNF. It has also been shown that sulfuric 
acid can act as a catalyst for the formation of cellulose formate [166, 167]. Since the sulfate 
groups can cleave off the cellulose into the solvent, it could help promote cellulose formate 
formation. This would explain why such a strong peak was seen in SCNF3-60, but not seen 
in the unfunctionalized and TEMPO CNF. The formation of cellulose formate can be seen 
in Equation 4.4.  
𝐶𝑁𝐹𝑆𝑂3
−
+ [𝐻𝐶𝑂𝑂𝐻] + [𝐻+] ↔  𝐶𝑁𝐹𝐶𝑂𝑂𝐻 + [𝑆𝑂4]
− + [𝐻+] (4.4) 
The dimethylammonium cations can therefore undergo a neutralization reaction 
with the carboxylic acid groups (COO-) of TEMPO CNF or the sulfate groups (SO3
-) of 
the sulfonated CNF to form a dimethylammonium salt [165]. The reaction for TEMPO 
CNF after dissociating in the solvent to form carboxyl dimethylammonium can be seen 
below. The same reaction can possibly happen for sulfonated CNF in the equations below 
the COO- can be replaced with SO3




𝐶𝑂𝑂− + 𝐶𝑁𝐹 (𝐶𝐻3)2𝑁𝐻2





Evidence for this type of reaction can be seen by examining the FTIR spectrum of 
the TEMPO CNF (Figure 4.5) that shows a decrease in the peak associated with COOH 
and a newly developed peak associated with COO- when dispersed in DMF. This peak 
associated with COO- was not seen when the TEMPO CNF was dispersed in water. This 
peak at 1613 cm-1 associated with COO- does not exist in the sulfonated and 
unfunctionalized CNF films whether they were cast from water or DMF.  
To further support the formation of this dimethylammonium functional group on 
the CNF, when TEMPO and sulfonated CNF–DMF suspensions were heated at 70 °C for 
3 days, the suspensions turned yellowish with TEMPO CNF being more yellow than the 
sulfonated CNF (Figure C.4). This yellowing was not seen in the unfunctionalized CNF 
heated in DMF, and in any of the CNF samples when heated in water. Previously it was 
shown that CNF film functionalized with an ammonium carboxylate group (COONH4) 
would turn yellow after undergoing heating, though the reason for yellowing was unclear 
[168]. The dimethylammonium carboxyl CNF derivative is similar in chemistry to the CNF 
functionalized with an ammonium carboxylate group mentioned above and should behave 
similarly. The amount of yellowing is possibly an indicator of how much 
dimethylammonium has neutralized the ionized groups on the CNF, which would mean it 
is more prominent in the TEMPO CNF than the sulfonated CNF. 
To test the possibility that the yellowing of TEMPO CNF in DMF was a result of 




TEMPO, NaCl, and HClO in DMF were left at 70 °C for 3 days. It was found that none of 
these chemicals in DMF or DMF itself turned yellow. Figure C.5 contains images of these 
results. Acetic acid, which has a similar functional group to the TEMPO CNF (carboxylic 
acid), was also mixed with DMF and heated as previously described and it also did not lead 
to a yellowing of the solution (Figure C.5). 
4.4 Conclusion 
Existing CNFs were successfully sulfonated with a DMF and CSA solution resulting 
in a sulfonated CNFs with a high surface charge while retaining a fibril-like morphology. 
This one step reaction is relatively rapid, and a reaction time of as little as 5 minutes leads 
to a significant increase in the zeta potential and dispersibility in water and DMF when 
compared to the unfunctionalized CNFs. A post-TEMPO oxidation treatment on existing 
CNFs and regioselective bisulfite oxidation method can yield CNF with similar 
dispersibility but they require multiple step reactions and longer reaction times. For 
sulfonated CNFs, higher CSA to AGU ratio, and longer reaction times leads to higher 
sulfur content on the CNFs and also lower crystallinity.  This decrease in crystallinity was 
much less than the regioselective bisulfite oxidation process reported in the literature for 
the same amount of sulfonation. It was observed that when TEMPO and sulfonated CNF 
were dispersed in DMF, additional functionalization occurred that did not happen with 
unfunctionalized CNF. The TEMPO CNF’s additional functionalization is mainly 
dimethylammonium carboxyl groups, and the sulfonated CNF’s additional 




sulfonation method can be used to rapidly tailor the dispersibility of unfunctionalized CNF 




CHAPTER 5. GEL SPINNING OF POLYACRYLONITRILE AND 
CELLULOSE NANOFIBRIL FIBERS 
5.1 Introduction 
Surface chemistry has a significant effect on how nanofillers disperse in and 
interact with polymer. To study the effect of surface chemistry on the reinforcement effect 
of CNFs in PAN two different type of functionalized CNF were incorporated into PAN 
fibers. One of the functionalization studied is the TEMPO oxidized CNF, because it is the 
most common functionalization of CNFs. The other functionalization looked at is an 
amination method that has not yet been done on cellulose nanofibrils. The amine group is 
hypothesized to interact better with PAN than the carboxylic acids groups on the TEMPO 
oxidized CNF.  
CNF polymer fiber composites have been less studied than CNC polymer fiber 
composites. There is only 1 study where polymer-CNF fibers were continuously spun and 
then continuously post drawn. This fiber was made with PVA with only a CNF loading of 
1 wt% [68]. In this study we looked at polymer-CNF fibers with CNF loadings as high as 
10 wt%. In addition to the effect of CNF functionalization on resulting fiber properties, the 
effect of spinning, and drawing parameters were also investigated. 
5.2 Experimental 
5.2.1 Materials 
Polyacrylonitrile-co-methacrylic acid (PAN-co-MAA; 4 wt% of MAA content, 
viscosity average molecular weight: 2.47 × 105 g/mol) was obtained from Exlan Co., Japan, 




wt% solids) (lot# 2012-FPL-CNC-48/051) were obtained from the University of Maine, 
US. ACS grade Dimethylsulfoxide (DMSO), Sodium meta periodate (NaIO) (≥99%), and 
Ethylenediamine (≥99%) were obtained from Sigma-Aldrich co. TEMPO free radical 
(98%), sodium hypochlorite (NaClO) (9.8 % available chlorine in water), and sodium 
hydroxide (NaOH), were obtained from Alfa Aesar. ACS grade methanol was obtained 
from VWR and used as is. 
5.2.2 TEMPO oxidation of Cellulose Nanofibrils 
In a large container 160 gram of the CNF slurry (2.5 wt%) and 340 mL of DI water 
were mixed with an overhead stirrer to create a 0.8 wt% CNF slurry. Then 0.08 g of 
TEMPO free radical and 0.5 g NaBr was added to the suspension while undergoing stirring 
that maintained a vortex for 1 hour to make sure the chemicals were dissolved. The pH of 
the suspension was adjusted to 10.5 by adding 0.5 M NaOH aqueous solution. The pH was 
monitored with a pH meter UltraBASIC (Denver Instruments). Then 12.9 g of NaClO 
aqueous solution (9.8 wt% available chlorine) was added drop wise, after this addition, the 
pH was monitored and adjusted to stay between 10-10.5 by adding 0.5 M NaOH aqueous 
solution. Once the pH stabilizes the reaction is finished (~1 hour). Afterward the CNF was 
centrifuged and washed with DI water until the pH of the supernatant was neutral (pH strips 
were used), followed by two additional washings. The solid content of the washed CNF 
was determined by thermogravimetric analysis and then adjusted to a solid content of 0.4 
wt%. The CNF suspension (0.4 wt%) was then homogenized with 2 passes through a Nano 
DeBEE Laboratory homogenizer at a pressure of 25000 psi through an orifice with a 




the excess water was vacuum distilled out with a rotary evaporator. The TEMPO CNF will 
be referred to as TCNF for the rest of the paper. (See Appendix D for discussion on the 
TEMPO CNF processing procedure used). 
5.2.3 Amination of Cellulose Nanofibrils 
The CNF functionalization was done by in a large container 320 gram of the CNF 
slurry (2.5 wt%) and 680 mL of DI water were mixed with an overhead stirrer to create a 
0.8 wt% CNF slurry. The slurry was heated to 45 °C and the pH was lowered to 3.5 and 
then reacted with 32 grams of sodium meta periodate for 2.5 hours (container was covered 
in aluminum foil to prevent light degrading the periodate). Then 75 ml of polyethylene 
glycol was added and stirred for 30 minutes to end the reaction. The sample was then clean 
through centrifugation with a Sorvall Evolution RC Centrifuge 5 times. 18 liters of DI 
water was used during this whole centrifugation cleaning process. The sample was then 
dispersed in 1 L of DI water and heated to 30 °C and 100 ml of ethylenediamine was added 
an allowed to react overnight. 9.3 grams of sodium borohydride was dissolved in 50 ml of 
0 °C DI water and added to the cellulose suspension to end the reaction. The sample was 
then clean with the same centrifugation process mentioned above. The functionalized CNF 
was dispersed in DI water to a solid content of 0.4 wt% (Checked with TGA). The pH was 
lowered to 4 with 0.3 M acetic acid. The suspension was then homogenized by passing it 
through a Nano DeBEE laboratory homogenizer with a 0.20 mm diameter orifice at a 
pressure of 25,000 psi 2 times. This aminated CNF will be referred to as ACNF for the rest 
of the paper (reaction scheme seen in Figure 5.1). The ACNF-water suspension was mixed 




evaporator. The reason DMSO was used instead of dimethylformamide (DMF) which was 
used in the previous chapters is because TCNF was found to not disperse well in DMF at 
higher concentrations (see Figure 5.2) forming aggregates while these aggregates where 
not seen when TCNF was dispersed in DMSO and concentrated. This was further tested 
by trying to pass the CNF dispersions through a 44 µm filter the TCNF-DMF suspension 
did not pass through the filter while the TCNF-DMSO suspension did.  
 






















Figure 5.2. Image of TCNF dispersed in DMF (Left)  and DMSO (Right). It can be seen 
in the TCNF-DMF dispersion aggregates formed, and in the TCNF-DMSO dispersion 
aggregates did not form.  
 
5.2.4 Solution/suspension preparation 
Six different solutions/suspensions were made with 0 wt% CNFs, 1 wt% TCNFs, 
5 wt% TCNFs, 10 wt% TCNFs, 1 wt% ACNFs, and 5 wt% ACNFs with respect to the 
weight of the polymer, these samples will be referred to as neat PAN-co-MAA, TCNF-1, 
TCNF-5, TCNF-10, ACNF-1, and ACNF-5 respectively. To make one 
solution/suspensions a total of 15 grams of solids were used. The desired amount of CNF 
(depending on desired final CNF content) were dispersed at 0.2 wt% in DMSO by 
sonicating in a bath sonicator (Branson 3510R-MT, 100 W, 42 kHz) for 24 hours before 
use. The neat PAN-co-MAA solution was made by adding the desired amount of neat PAN-
co-MAA powder (depending on desired CNF content) into a glass reactor into 100 ml of 
DMSO, and mechanically mixed at 100 rpm at 70 °C for 3 hours. The neat PAN-co-MAA 
solution process stopped here. To make the PAN-co-MAA/CNF suspensions the process 




increments of up to 200 ml. The PAN-co-MAA/CNF/DMSO suspensions were heated to 
100 °C, and the excess DMSO was removed by vacuum distillation. This was repeated 
until all the desired amount of CNFs has been added, and once the suspension has reached 
a desirable spinnability.  
5.2.5 Fiber spinning and drawing 
The fibers were spun using a Hills, Inc spinning unit with a one hole spinneret (200 
µm). The solution/suspensions were spun into a room temperature methanol bath at a rate 
of 1 cm3/min. The as spun fibers were collect onto a spool at 1x (32 m/min), 2x (64 m/min), 
and 3x (96 m/min) as spun draw ratios (ADR). If the fibers were cold drawn it was done at 
room temperature with a cold draw ratio (CDR) of 1.3x, and 1x CDR means it was not cold 
drawn. If the fibers were hot drawn it was done by passing the fiber through a glycerol bath 
between 125-165 °C depending on temperature the fibers were drawable at. The TCNF-10 
fiber was hot drawn through an air oven at 170 °C instead of using a glycerol bath. The hot 
draw ratio (HDR) used for the fibers varied and an 1x HDR meant it was not hot drawn. 
The total draw ratio (TDR) was calculated by multiplying the ADR, CDR, and HDR 
together. Tables of all the fibers and their tensile properties can be seen in Appendix D 
Table D.1-15. (See Appendix D for discussion on other fiber spinning trials not reported 
in this chapter). 
5.2.6 Characterization 
Rheological measurements were performed on an ARES rheometer (Rheometric 
Scientific, Co.). The testing was done at room temperature, with 25 mm parallel plates, and 




testing a layer of silicon oil was applied to the exposed sample surface around the sides of 
the parallel plates. The linear viscoelastic region (LVR) was determined for each sample 
by running a strain sweep test at an oscillatory frequency, ω, of 0.5, 10, 100, and 300 rad/s. 
The solid content of the final solution/suspensions was measured by thermogravimetric 
analysis (TGA500, TA instruments.). 
 Tensile tests were completed at room temperature at a strain rate of 60 %/min on 
133 different samples (CNF loading, functionalization, and processing differences) at 25.4 
mm gauge length using a FAVIMAT+ (Measured Solutions Inc.) for each sample 25 
filaments were tested. The linear densities of each fibers were measured by a vibroscope 
before tensile testing. The measured linear density was converted to an effective diameter 
using the measured bulk density of PAN (1.18 g/cm3) and cellulose nanofibrils (1.5 g/cm3). 
Wide-angle X-ray diffraction (WAXD) of all samples were done with a Rigaku 
MicroMax-002 (CuKα, λ=0.1542 nm) and a Rigaku R-axis IV++ detector. MDI Jade 9 
software was used to analyze the WAXD pattern.  
5.3 Results and Discussion 
5.3.1 Solution/suspension rheology 
The solid content of the solution/suspensions used to spin fibers can be found in 
Table 5.1. The complex viscosity and tan delta curves of the solution/suspensions can be 
found in Figure 5.3. The solid content of the suspensions had to be lowered with 
increasing CNF loading to allow a spinnable suspension to be made. It can be seen that 
even though we lowered the solid content of the TCNF-10 suspension significantly to 8.9 




suspension was much higher at low shear rates. A high viscosity at low shear rates is a 
problem for spinning fiber because it inhibits air bubbles from leaving the 
solution/suspensions resulting in voids in the fibers, which is one of the reasons we had to 
reduce the solid content of the PAN-CNF suspensions. Another reason the total solid 
content of the suspensions was lowered was to reach a viscoelasticity behaviour from 
which a fiber could be spun.  
Table 5.1. Overview of the solution/suspensions used in this study.  
Sample Solid content (wt%) 












Figure 5.3. Rheological properties of the solution/suspensions (a) complex viscosity and 
(b) Tan delta.  
 
We can see from Table 5.1 and Figure 5.3 that the TCNF had a much larger 
effect on the rheological properties than the ACNF. Even though the TCNF-5 had a lower 













































solid content than the ACNF-5, the viscosity was higher. We can also see in the tan delta 
plot, there is an increase in the tan delta at low shear rates for the TCNF-5 and TCNF-10, 
indicating that the suspension is getting more liquid like. The reason we believe this 
occurs is due to the breakdown of the TCNF percolation network in the suspensions when 
it is sheared. We do not see this behavior in the PAN/ACNF suspension samples 
indicating that there is little to no percolation network formed. Factors such as CNF and 
polymer interaction, CNF dispersion, and CNF aspect ratios can affect whether or not a 
percolation netowork forms.  
5.3.2 Effect of as spun draw ratio and CNF loading on drawing conditions and 
drawability 
It was found that for the PAN/TCNF fiber samples, higher loadings of TCNF 
resulted in the highest ADR being lower than for the neat PAN-co-MAA. TCNF-1 could 
have an ADR of up to 3. While the TCNF-5 could only have an ADR up to 2, and the 
TCNF-10 could only be spun with an ADR of 1. ACNF-1 and ACNF-5 could both be spun 
with an ADR of 3. The reason for the decrease in the ADR for the higher TCNF loaded 
samples is due to changes in viscoelasticity of the suspension due to the TCNF percolation 
network present, and because of the decrease in the total solid content of the suspensions.  
It was found that fibers spun with a higher ADR had to be drawn at a lower glycerol 
temperature (Table 5.2). This is likely due to the larger diameter of the fibers spun at a 
lower ADR and these larger diameter fibers can survive the higher temperatures of the 
glycerol bath for longer period of time. It was also found that samples with higher CNF 




The higher CNF loaded fiber samples had a lower maximum TDR when compared 
to the neat PAN-co-MAA fibers. This is an expected result and typically when fillers are 
added, the drawability of the fiber decreases. Though there have been reports that 
drawability does not change and occasionally even increases with the incorporation of 
fillers. Such an increase in drawability with the incorporation of CNCs into PAN fibers 
was reported by Chang et al. [170]. 
Table 5.2. Drawing temperature for different fibers.  
Sample ADR Glycerol drawing temperature (°C) 
neat PAN-co-MAA 1 165 
neat PAN-co-MAA 2 155 
neat PAN-co-MAA 3 145 
TCNF-1 1 155 
TCNF-1 2 145 
TCNF-1 3 135 
TCNF-5 1 140 
TCNF-5 2 125 
ACNF-1 1 155 
ACNF-1 2 145 
ACNF-1 3 140 
ACNF-5 1 155 
ACNF-5 2 145 
ACNF-5 3 135 
The effect of processing parameters such as, ADR, CDR, and CNF loading had on 
the maximum TDR was looked at (Table 5.3). It was found that typically higher ADR lead 
to higher maximum TDR. From the data there is no consensus on whether cold drawing 
lead to higher maximum TDR. Three out of 11 samples with cold drawing and 5 out of 11 
samples with no cold drawing at the same ADR had the higher maximum TDR (not 
comparing 3x ADR for neat PAN-co-MAA). There is not an obvious trend for why some 




different processing parameters with glycerol bath temperature and drawing speed might 
have to be optimized each sample to reach the maximum potential drawing limit. 
Table 5.3. Difference between maximum total draw ratio of fibers depending on ADR 
ratio and whether it has been cold drawn. 
 Samples 
 
Maximum TDR of fibers 
with 1x CDR 
Maximum TDR of fibers 


































































5.3.3 Effect of drawing on strain at break 
It was found that for all different compositions of fibers spun at different ADR 
that drawing the fibers at low draw ratios could increase the strain at break (Appendix D. 
Tables D.1-D.15). We can see in Table 5.4 for all the fibers that could be cold drawn 





Table 5.4. Strain at break comparison between as spun fiber, cold drawn fiber, and fully drawn fiber showing that strain at 







Sample ADR Strain at break of 
as spun fiber (%) 
Strain at break after 
cold drawing (%) 
Maximum TDR drawing 
conditions (ADR-CDR-
HDR=TDR) 
Strain at maximum 
TDR (%) 
neat PAN-co-MAA 1 2.8 ± 0.5 6.1 ± 1.3 1x-1x-20x=20x 8.7 ± 0.5 
neat PAN-co-MAA 2 24.1 ± 19.3 25.5 ± 14.4 2x-1.3x-9.6x=25x 8.3 ± 0.5 
neat PAN-co-MAA 3 16.7 ± 14.0 77.3 ± 22.1 3x-1.3x-9x=35x 8.3 ± 0.5 
TCNF-1 1 1.2 ± 0.4 3.3 ± 0.3 1x-1.3x-11.5x=15x 8.8 ± 0.5 
TCNF-1 2 3.1 ± 0.4 4.9 ± 1.2 2x-1x-10x=20x 7.9 ± 0.9 
TCNF-1 3 3.1 ± 0.4 7.4 ± 1.5 3x-1x-8.3x=25x 7.3 ± 0.4 
TCNF-5 1 1.8 ± 0.6 N/A 1x-1x-13x=13x 5.5 ± 0.6 
TCNF-5 2 1.5 ± 0.4 N/A 2x-1x-6x=12x 5.9 ± 0.9 
TCNF-10 1 0.7 ± 0.2 N/A 1x-1x-7x=7x 7.3 ± 0.5 
ACNF-1 1 2.6 ± 0.7 11.0 ± 7.6 1x-1x-15x=15x 9.3 ± 0.6 
ACNF-1 2 9.6 ± 0.7 41.7 ± 8.8 2x-1x-11x=22x 8.7 ± 0.3 
ACNF-1 3 9.5 ± 4.0 43.4 ± 13.4 3x-1.3x-7.2x=28x 7.8 ± 0.9 
ACNF-5 1 2.7 ± 0.6 6.8 ± 2.5 1x-1x-12x=12x 9.5 ± 0.5 
ACNF-5 2 6.1 ± 2.4 8.4 ± 9.1 2x-1.3x-5.8x=15x 8.5 ± 0.5 




Chang et al. [170] previously reported that when PAN fiber with 40 wt% CNC 
loading was drawn the strain at break increased from 1.5% at 4x TDR to 8.0% at the 
maximum TDR. The authors associated this low strain at break at low draw ratio to the 
percolation network of the CNC, and that drawing removed the percolation network. In 
that study, the lowest draw ratio fiber was 4x which was made with an ADR of 3x and a 
CDR of 1.3x. Similar results were seen in our study, where that drawing the fiber to the 
maximum TDR could result in a fiber with a higher strain at break (typically around 7-9%) 
than the low draw ratio fiber, we see this behaviour in a majority of our composite fibers 
(Table 5.3).  This increase in strain at break with drawing was also exhibited by the neat 
PAN-co-MAA fiber when spun with ADR of 1x. The strain at break development for the 
fibers with an ADR of 1 with no cold drawing with respect to the TDR can be found in 
Figure 5.4. Chang et al. [170] attributed this increase strain at break with drawing due to 
breaking the CNC percolation network in the PAN-CNC fibers, but our results here 
indicates that theory could possibly be incorrect. Since the behaviour of increase strain at 
break was observed in the neat PAN-co-MAA fiber with an ADR of 1 means this can occur 
in a system which does not contain fillers. Since the increase strain at break with drawing 
can occur in a neat polymer system, a percolation network break down is not the only 
reason an increase in strain at break can occur. This leads to the possibility that the fillers 
in the composites can be driving the PAN-co-MAA structure to develop similarly to the 
structure that formed in the neat PAN-co-MAA with an ADR of 1x, and it is this PAN-co-
MAA structure that leads to the low strain at break in low TDR fibers. Though it is also 




with drawing and the percolation network leads to the low strain at break or both of these 
are contributing factors.  
Figure 5.4. Strain at break with respect to draw ratio for a 1x ADR fiber with no cold 
drawing showing an initial increase in strain at break with drawing, but a leveling out at 
higher draw ratios.  
 
5.3.4 Effect of drawing on tensile strength and elastic modulus 
It was found there was a trend of increasing tensile strength and elastic modulus 
with increasing hot draw ratio for the fibers under the same ADR and cold draw ratio 
conditions. Higher total draw ratios did not lead to the highest properties in fact the fibers 
with an ADR of 1x typically had a lower maximum TDR compared to 2x and 3x ADR 
fibers, but the highest mechanical properties (Appendix D Table D.1-D.15). The tensile 


































strength and elastic modulus of the fibers with respect to draw ratio can be seen in Figures 
5.5 and 5.6, respectively. 
In a lot of published work on fillers and nanocellulose fillers containing fibers 
authors will compare the properties of the neat fiber and composite fiber at the same TDR 
or under small variations in processing conditions. In this work we undergo many more 
processing parameters to give a better overview if CNF can be utilized as a mechanical 
filler since processing has a large effect on the resulting properties. Also neat polymer 
fibers can typically be drawn to a higher draw ratio than the composite fibers and by 
comparing samples at the same draw ratio can lead to inaccurate representation of how 
well the fillers can reinforce the fibers when trying to make fibers with the best mechanical 
properties. Such as in a paper by Lee et al. [67] incorporated 40 wt% CNC into PVA and 
compared all the fibers mechanical properties at a TDR of 6. Their results indicated the 
PVA with 40 wt% CNC had a tensile strength of 880 MPa and an elastic modulus of 29.9 
GPa, which is ~75% higher tensile strength and 200% higher elastic modulus than the neat 
PVA  at the same draw ratio of 6 [67]. Akira Isogai’s group has shown that PVA fibers 
could be drawn to TDR of 20 in their work and their neat PVA had a tensile strength of 
~1.6 GPa and an elastic modulus of 45 GPa, which shows that the properties reached at a 
TDR of 6 in the previous study is likely not the maximum possible [68].  
We will have a short discussion of the mechanical properties of our fibers 
comparing them at the same draw ratio. We will then shift our focus onto the fibers with 
the best mechanical properties since this is more important for adaptation of this technology 




can be seen in Figures 5.5 and 5.6, respectively, and the corresponding data can be found 
in Appendix D Tables D.1-D.15. Depending on the ADR, CDR, and HDR different 
interpretations can arise on whether the CNF acts as a mechanical reinforcement. We can 
see at the same TDR, TCNF-1, ACNF-1, and ACNF-5 fibers can have higher tensile 
strength then the neat PAN-co-MAA fiber. Also at the same TDR, all the composite fibers 
can have higher elastic modulus than the neat PAN-co-MAA fiber.  
 To further this discussion we will look at 1 processing condition; the 1x ADR fiber 
with 1x CDR, and a TDR of 10x, and the fibers with the highest tensile strength and elastic 
modulus produced with 1x ADR with 1x CDR. We can see in Table 5.5 the percent change 
in the tensile strength and elastic modulus of the fibers compared to the neat PAN-co-MAA 
sample at a TDR of 10x and the fibers with the highest properties. We can see that for the 
ACNF-1 sample at a TDR of 10 it has a 49% higher tensile strength and 23% higher elastic 
modulus than the neat PAN-co-MAA. With these results it shows that ACNF loading at 1 
wt% is a great reinforcement material, but when we look at these same fibers when drawn 
for the highest properties the ACNF-1 fiber only has a 9% increase in tensile strength and 
2% decrease in elastic modulus when compared to the neat PAN-co-MAA fiber. Similarly, 
the TCNF-1 sample at a TDR of 10x has 20 % higher tensile strength and a 17% higher 
elastic modulus than the neat PAN-co-MAA, which is still a very good increase at 1 wt% 
TCNF loading. Though when we look at the TCNF-1 and neat PAN-co-MAA fibers drawn 
for the highest properties, the TCNF-1 had a 32% lower tensile strength and 9 % lower 
elastic modulus compared to the neat PAN-co-MAA fiber. These results show that 




actually show the opposite of what will occur when the fibers are processed for the highest 
properties. 
It was also found that depending on the processing parameters such as ADR, 
CDR, and CNF loading resulted in whether CNF had a reinforcement effect on PAN-co-
MAA and which functionalization actually performs better when comparing the 
maximum TDR fibers’ mechanical properties at each composition (Table 5.6). If we look 
at Table 5.6 and don’t take into account of 3x ADR with 1x CDR fiber since we did not 
have enough material to fully draw the neat PAN-co-MAA sample. We can note that neat 
PAN-co-MAA had the best tensile strength in 3 out of 5 processing conditions, while 
ACNF-1 performed best in 2 out of 5 processing conditions. So depending on how the 
fibers are processed it can be interpreted on whether ACNF actually has reinforcement 
effect. This indicates that looking at only 1 drawing condition can give a false 
interpretation of reinforcement capabiltiies of fillers. We can also note from this table that 
the ACNF-1 fiber with an ADR of 1x with no cold drawing had the highest tensile 
strength out of all the fibers and processing conditions with a tensile strength of 1160 
MPa compared to the neat PAN-co-MAA tensile strength of 1060 MPa.  A p-test was 
perfromed comparing the ACNF-1 fiber vs neat PAN-co-MAA fiber with the highest 















Figure 5.5. Tensile strength of the samples with respect to the total draw ratio (TDR). (a) 1x ADR and 1x CDR, (b) 2x ADR 
and 1x CDR, (c) 3x ADR and 1x CDR, (d) 1x ADR and 1.3x CDR, (e) 2x ADR and 1.3x CDR, (f) 3x ADR and 1.3x CDR.  
 
 




























































































































































































(a) (b) (c) 
(d) (e) 
1x ADR and 
1x CDR 
2x ADR and 
1x CDR  
3x ADR and 
1x CDR 
(f) 3x ADR and 
1.3x CDR 
1x ADR and 
1.3x CDR 
 





Table 5.5. Percent change in tensile strength and elastic modulus for the composite fibers compared the neat PAN-co-MAA at 








Sample Percent change in tensile 
strength for fiber at a 
TDR=10  
Percent change in 
elastic modulus for 
fibers at a TDR=10 
Percent change in the tensile 
strength for fibers with 
highest tensile strength 
Percent change in the elastic 
modulus for fibers with 
elastic modulus 
TCNF-1 20 17 -32 -9 
TCNF-5 -17 1 -52 -13 
ACNF-1 49 23 9 -2 













Figure 5.6. Elastic modulus of the samples with respect to TDR. (a) 1x ADR and 1x CDR, (b) 2x ADR and 1x CDR, (c) 3x 
ADR and 1x CDR, (d) 1x ADR and 1.3x CDR, (e) 2x ADR and 1.3x CDR, (f) 3x ADR and 1.3x CDR. 
 
























































































































































































































(a) (b) (c) 
1x ADR and 
1x CDR 
2x ADR and 
1x CDR 
3x ADR and 
1x CDR 
(f) 3x ADR and 
1.3x CDR 
(e) 2x ADR and 
1.3x CDR 









 The only composite fiber with a higher tensile strength than the neat PAN-co-MAA 
sample, with the highest tensile strength, is the ACNF-1 sample. A plot of the maximum 
tensile strength values of each fiber composition can be found in Figure 5.7. The 
theoretical strength and elastic modulus are calculated with the isostrain model seen below 
in Equation 5.1 where σc, σf, σm, Vf, and Vm is the tensile strength of the composite, tensile 
strength of the filler, tensile strength of the matrix, volume fraction of filler, and volume 
fraction of matrix, respectively. Equation 5.1 can be also used to calculate the elastic 
modulus by replacing the variable σ with the variable E (elastic modulus).  The density of 
CNF and PAN used was 1.5 g/cm3 and 1.18 g/cm3, respectively [171]. The tensile strength 
of the filler used was 3 GPa, and the tensile strength used for the matrix was the highest 
strength neat fiber made experimentally (1.06 GPa). The reason this model was used is 
because fibers are highly drawn materials with maximum strength in 1 direction. Also this 
model gives the highest theoretical strength, because it assumes the nanofillers are perfectly 
aligned with the fiber. We can see that ACNF-1 sample actually has a tensile strength 
higher than the theoretically predicted tensile strength, which should not be possible 
assuming there are no structural differences between the PAN in the ACNF-1 and the neat 
PAN-co-MAA. This points towards the ACNF affecting the PAN around the nanofillers in 
a way that would increase the tensile strength.  
𝜎𝑐 =  𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚 5.1 
 The predicted elastic modulus with the iso strain model is much higher than our 




with increasing CNF loading. This is due to that elastic modulus being much more 
dependent on the orientation of the PAN and nanofiller than tensile strength. Due to the 
lower drawability of the composite fibers the orientation of the PAN is not has high as in 
the neat PAN-co-MAA fiber (Table 5.7), which would result in elastic modulus because 







Figure 5.7. Plots showing the fibers with the highest (Left) Tensile strength, and (Right) 
elastic modulus. 























 Thereotical (CNF ts=3 GPa)
































Table 5.6. Differences between tensile strength and elastic modulus at maximum TDR of fibers depending on the ADR and 




Tensile strength at 
maximum TDR 
(MPa) 


























1060 ± 76 
 
676 ± 49 
486 ± 45 
357 ± 18 
1160 ± 91 
890 ± 52 
19.7 ± 0.5 
 
17.9 ± 0.6 
17.2 ± 1.1 
14.7 ± 0.4 
19.3 ± 0.9 








911 ± 96 
 
890 ± 65 
N/A 
N/A 
845 ± 50 
765 ± 94 
19.5 ± 1.0 
 
19.2 ± 0.5 
NA 
N/A 
17.0 ± 0.6 















777 ± 78 
 
766 ± 45 
328 ± 30 
N/A 
967 ± 57 
590 ± 44 
17.0 ± 0.8 
 
16.5 ± 0.7 
14.1 ± 0.6 
N/A 
17.9 ± 0.3 








887 ± 76 
 
754 ± 81 
N/A 
N/A 
655 ± 52 
638 ± 22 
19.4 ± 0.6 




16.1 ± 0.7 

















717 ± 46 
N/A 
N/A 
594 ± 51 
488 ± 27 
N/A 
 
17.1 ± 0.8 
N/A 
N/A 
15.5 ± 0.7 








888 ± 52 
 
696 ± 80 
N/A 
N/A 
726 ± 51 
541 ± 36 
19.3 ± 0.4 
 
17.2 ± 1.1 
N/A 
N/A 
17.6 ± 1.2 











of PAN (nm) 
Crystallinity 





1x-1x-20x=20x 0.87 13 65 N/A 
TCNF-1 1x-1.3x-11.5x=15x 0.83 12 56 N/A 
TCNF-5 1x-1x-13x=13x 0.80 8.8 63 0.83 
TCNF-10 1x-1x-7x=7x 0.75 10 56 0.74 
ACNF-1 1x-1x-15x=15x 0.81 9.9 59 N/A 
ACNF-5 1x-1x-12x=12x 0.82 8.7 65 0.60 
Looking at the tensile strengths in Table 5.6 we can also see that TCNF-1 performs 
better than ACNF-1 in 3 out of 6 processing routes, and TCNF-5 performs worse than 
ACNF-5 in all processing routes. This is surprising that TCNF-1 performs better than 
ACNF-1 in half the processing routes since the max TCNF-1 tensile strength was 890 MPa, 
which is much lower than the maximum of ACNF-1 (1160 MPa). It is hard to dictate a 
trend for the processing conditions, because occasionally cold drawn samples results in the 
fiber having higher properties, and occasionally having a fiber with an ADR of 1 or 2 
results in fibers with the best properties. It is possible that not all the samples were fully 
drawn to their maximum state resulting in the fiber not achieving their maximum properties 
thus making trends hard to find. It is known there are process variabilities when 
manufacturing samples and can lead to mechanical property variations, which can cause 
trends hard to find. One trend is shown in the tensile strength data is that higher CNF 




drawability of the fibers at higher CNF loadings, and aggregation of fillers acting as defect 
points.   
 The neat PAN-co-MAA sample (1x-1x-20x) had the highest modulus out of all the 
samples even though the ACNF-1 sample (1x-1x-15x) had the highest tensile strength. The 
neat PAN sample (1x-1x-20x) had an elastic modulus of 19.7 GPa and the ACNF-1 sample 
(1x-1x-15x) had an elastic modulus of 19.3 GPa. A p-test was performed, and it was found 
that the p-value = 0.0233, which is statistically significant assuming we use a p-value ≤ 
0.05 as statistically significant. This elastic modulus difference is due to the higher hot 
draw ratio of this fiber resulting in higher orientation of the PAN crystals and will be 
discussed later. It is well known that higher orientation results in higher elastic modulus. 
The tensile strength is also affected by the orientation and crystallinity which is affected 
by drawing, but tensile strength is also related to other factors such as defects within the 
fibers. 
5.3.5 WAXD comparison of fibers 
WAXD was performed on our fiber samples to determine whether there were any 
changes in the PAN structure that were resulting in the different properties between the 
neat PAN-co-MAA sample and the composite samples. The WAXD integrated radial scan 
of the samples can be seen in Figure 5.8. The PAN peak can be seen at a 2θ=16.7° for all 
the samples and for sample with 5 wt% and higher loadings of CNF a peak at 2θ=22.6° 
associated with cellulose I can be seen. The 2-D WAXD pattern of the samples with the 




more easily in these 2-D WAXD patterns than in the WAXD radial scan. This appearance 
of the cellulose I peak supports that there is cellulose in our sample.  
Figure 5.8. WAXD integrated radial scan of the neat PAN-co-MAA and composite fiber 
samples that displayed the highest elastic modulus for each composition.   
 
 The structural parameters of the fibers measured by WAXD for the samples with 
the highest tensile strengths can be seen in in Table 5.7. It can be seen that the neat PAN-
co-MAA sample has a crystallinity of 65%, which is higher than all the samples except 
ACNF-5, but all these values are within experimental error except for the TCNF-1 and 
TCNF-10 samples both with a crystallinity of 56%. This indicates that PAN crystallinity 
is not a significant factor for the higher tensile strength of the ACNF-1 sample as compared 
to the neat PAN-co-MAA sample. So, the higher tensile strength of the ACNF-1 is derived 
from the beneficial properties due to the addition of ACNF. Even accounting for ACNF 



























tensile strength of 3 GPa the ACNF-1 tensile strength (1160 MPa) is still above the 
theoretical tensile strength of the composite predicted with the iso-strain model (1075 
MPa).  The tensile strength of the ACNF would have to be 16 GPa for the iso-strain model 
to predict the tensile strength of the ACNF-1 sample, which is even higher than the tensile 
strength of an idealized cellulose structure for CNC (7.5 GPa). This points towards a 
synergistic effect between the ACNF and the PAN-co-MAA resulting in the higher tensile 
strength. It has been previously theorized by other authors that the amorphous polymer in 
the proximity of the CNF is more ordered and oriented in the fiber direction than the rest 
of the amorphous polymer leading to increased mechanical properties [68]. The lower 
tensile strength of the other composite samples compared to the neat PAN-co-MAA could 
be due to aggregates of CNF acting as stress concentrators.  
 Among all the samples, the neat PAN-co-MAA has the highest PAN orientation, 
and higher orientation leads to higher elastic modulus [172]. This explains why the neat 
PAN-co-MAA sample had the highest elastic modulus out of all the samples. The higher 
orientation of PAN in these samples have a trend of higher elastic modulus as can be seen 
in Figure 5.10.  
It can be noted that the neat PAN-co-MAA has the largest crystal size, and with 
increasing CNF loading the crystal size typically decreases except for the TCNF-10 sample 
which has crystal size larger than the TCNF-5 sample. This discrepancy for the TCNF-10 
could be due to the different drawing process of using an air oven instead of a glycerol 
bath, and glycerol is a well known plasticizer. The smaller crystal size with increasing CNF 




and runs into a CNF. Another possible reason for the smaller crystal size could also result 
from the lower drawing temperatures used in the polymer composite samples, because this 
would decrease the mobility of the PAN to reorganize themselves.  
Figure 5.9. WAXD 2-D patterns of the fiber samples with the highest elastic modulus for 











Figure 5.10. Graph showing the trend of increasing elastic modulus with increasing PAN 
orientation data each data plotted are the fibers with the highest elastic modulus for each 
fiber composition. Samples of the data plotted here can be seen in Figure 5.8 & 5.9. 
 
5.4 Conclusions 
Up to 10 wt% CNF was incorporated into PAN-co-MAA fiber through a gel 
spinning process, these fibers were then continuously post drawn. The previous highest 
reported solution spun CNF loaded fiber that was continuously post drawn had 1 wt% CNF 
loading in PVA. It was found that the TCNF had a much larger effect on rheology than the 
ACNF. Likely there is a stronger percolation network forming in the TCNF suspension 
than the ACNF suspensions. It was found that the higher CNF loaded sample had to be hot 
drawn at lower temperatures. Interestingly when the samples were drawn the strain at break 
could increase depending on the CNF loading and the ADR. It was shown that even the 




























neat PAN-co-MAA sample could experience an increase strain at break with drawing. This 
indicates that it could be polymer behaviour or filler interactions for why the strain at break 
increases when the composite fibers are drawn. 
The ACNF-1 sample with the highest tensile strength had a ~10% higher tensile 
strength than the neat PAN-co-MAA sample with the highest tensile strength. A p-test was 
conducted and a p-value ≤ 0.0001 was calculated indicating that this increase in tensile 
strength is statistically significant. The crystallinity of the ACNF-1 and neat PAN-co-MAA 
sample was found to be similar, so this increase should not be due to higher PAN 
crystallinity in the ACNF-1 fiber 
It was also found that the all the composite samples had lower maximum TDR than 
the neat PAN-co-MAA fiber. The neat PAN-co-MAA fiber had the highest elastic 
modulus, and it was found that the orientation of PAN was highest in the neat PAN-co-
MAA fiber. This higher orientation is likely a factor for the higher elastic modulus 





CHAPTER 6. CONLCUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
6.1 Conclusions 
This research looks at the effect of high loading of nanocellulose in a PAN matrix 
in film and fiber form. The effect nanocellulose has on the mechanical properties of the 
resulting films and fibers as well as the effect it has on the stabilization kinetics was 
investigated. The effect the nanocellulose has on the rheological properties of PAN were 
also determined. Modification of surface chemistry was also performed and the effect 
surface chemistry has on reinforcement was also studied. Key results and conclusions are 
summarized in the following paragraphs.  
PAN-CNC films were made with up to 40 wt% CNC loading through the solution 
casting process. There was a trend of a relatively linear increase in tensile strength and 
elastic modulus with increasing CNC loading. These films demonstrated a 68% increase 
in elastic modulus and a 76% increase in tensile strength at 40 wt% CNC loading and the 
Tg increased from 92 to 118 °C at 40 wt % CNC loading.  These films could be 
manufactured with up to 40 wt% CNC loading with no change in optical transparency. 
Fitting the experimental tensile data to a micromechanical model it was determined that 
the interfacial shear strength between the PAN-co-MAA and the CNC was 27 MPa. 
Interaction between the MAA copolymerized with the PAN and the CNC was observed. 
It was found that the viscosity of the PAN-CNC suspensions at low shear rates would 




The incorporation of CNCs into the PAN films reduced the activation energy of 
cyclization of PAN by 16% irrespective of CNC loading between 5 and 40 wt%. There 
was not a significant effect on the oxidation activation energy with the addition of CNCs. 
Depending on the reaction temperature the reaction rate of stabilization and oxidation can 
be increased with the addition of CNC. It was also found that CNCs were ~100 °C more 
thermally stable in the PAN-CNC composite film as compared to neat CNCs either in 
freeze dried powder or film form.  
A quick 1 step sulfonation method of CNF was investigated, and it was found that 
with as low as 5 minutes of reaction time, significant improvement in dispersibility in 
DMF and water could be achieved. This method was much quicker than the commonly 
used TEMPO oxidation method for CNF, and this method is also much quicker than the 
sulfonated CNF made with periodate oxidized CNF. The TCNF and SCNF could undergo 
surface chemistry changes when dispersed in DMF. The TCNF would form 
dimethylammonium carboxyl groups, while the SCNF would form formate groups.  
Amination of CNF was performed and the reinforcement properties of the ACNF 
compared to TCNF in PAN fibers was done. The effect of different processing parameters 
were studied to see how they affect the resulting fiber properties. It was discovered that the 
TCNF increased the viscosity of the suspensions significantly more than that of the ACNF. 
At 1 wt% CNF loading, the PAN-ACNF fibers had 30% higher tensile strength than the 
PAN-TCNF fibers, and at 5 wt% CNF loading the PAN-ACNF fiber had a 78% higher 




a 9% higher tensile strength than that of the neat PAN fiber. A p-test was performed and it 
was found that this 9% increase in tensile strength is a statistically significant. 
6.2 Recommendations 
6.2.1 Polymer-CNC Films with Higher CNC loading  
It was found that when CNC were incorporated into PAN-co-MAA films that the 
thermal stability of the CNC increased by ~100 °C, even for CNC loadings as high as 40 
wt%. Additional work could be to explore the mechanism for this increased thermal 
stability, and explore methods to optimize this process in PAN and other polymer systems. 
If a small addition of polymer significantly increases the thermal stability of the CNC, it 
could have applications where CNC is desired, but the thermal stability is lacking.  
6.2.2 PAN-CNC Films with Lower CNC loading 
The decrease in the cyclization activation energy by 16% with the incorporation of 
5-40 wt% CNC into PAN-co-MAA could indicate that CNCs act as a catalyst for the 
cyclization reaction. If this is true, then a small addition of CNCs could be used to reduce 
the activation energy, and the cost of stabilization of PAN for the production of carbon 
material. Additional work should be completed to identify and confirm the 
mechanism/pathway for the drop in the cyclization activation energy from the CNC 
additions, and then optimize the loading needed.  
6.2.3 PAN-CNF Fiber with Higher CNF loading 
In the current PAN fiber work there was a reduction in tensile properties after 5 
wt% CNF loading, however, it may be possible to increase tensile properties after a critical 




and less on the polymer. In partial support of this, previously reported work found that 90 
wt% CNF fibers could be make with a tensile strength of 812 MPa and an elastic modulus 
of 50.2 GPa. A possible way to increase the CNF loading above the 10 wt% CNF loading 
in PAN done in Chapter 5 is by increasing the PAN molecular weight, because less 
polymer is required to reach the same viscosity needed for spinning. For example, a 247 
kg/mol molecular weight PAN-co-MAA ~15g/dL solid content is needed while for a 967 
kg/mol molecular weight PAN-co-MAA ~6g/dL is needed for the viscoelastic properties 
for the neat polymer to be spun. Thus when making 100 ml of solution/suspensions for the 
247 kg/mol PAN to make of a 10 wt% CNF loaded fiber, 1.5g of CNF is needed (assuming 
a final solid content is 15g/dL). In contrast, for the 967 kg/mol PAN, 1.5g of CNF results 
in a 25 wt% CNF loaded fiber (assuming a final solid content of 6g/dL). Since both 
suspensions would contain 1.5g of CNF the rheological effect from the CNF on the 
suspension should be similar, but the higher molecular weight PAN suspension would 
result in a fiber with a higher wt% CNF. 
6.2.4 PAN-CNF Sheath-Core fiber 
PAN(sheath)-CNF(core) sheath-core fibers were attempted to be made, and it is 
discussed in Appendix D. Due to the much lower solid content of the TCNF core compared 
to the PAN sheath this results in decrease in sheath stability during spinning. This reduction 
in the sheath stability is due to the diffusion of the solvent in the core to the sheath due to 
the solvent concentration gradient. This diffusion of solvent lowers the solid content of the 
sheath and changes the rheological properties, which made fiber spinning more difficult. 




wet spinning process. A wet spinning process does not require the high stability needed to 
to pass through an air gap also there will be less time for the solvent in the core to diffuse 
into the sheath before coagulation starts. Another suggestion is using a higher molecular 
polymer in the sheath like 967 kg/mol PAN the high solvent of the content of the core will 
have less effect on the sheath since there is a lower drive for diffusion of solvent from the 
core to sheath since the concentration gradient is not as high as when using 247kg/mol 
PAN. 
6.2.5 Fiber with Below 1x As Spun Draw Ratio 
It was found that typically the 1x as spun draw ratio fiber when fully processed 
produced fibers with higher tensile strength and elastic modulus than the 2x as spun draw 
ratio fibers, and the 2x as spun draw ratio fibers had higher properties than the 3x as spun 
draw ratio fibers. This was trend was found for to occur for the neat PAN-co-MAA fibers 
and the composite fibers at all CNF loadings. It is hypothesized that the higher hot draw 
ratio for the fibers spun with a lower as spun draw ratio results in fibers with higher 
properties. Additional work should explore fibers produced with an as spun draw ratio 
below 1, and asses the role of as spun draw ratio and hot draw ratio to optimize further 





APPENDIX A:    SUPPORTING INFORMATION FOR CHAPTER 2 
A.1    Percolation threshold calculation 
Percolation threshold [34] was estimated according to Equation A.1, with ϕc, L, and D 
being volume fraction for percolation threshold, length of particle, and diameter of particle, 
respectively.  
            𝜙𝑐 =
0.7
𝐿/𝐷
        (A.1) 
A.2    Wide-Angle Characterization Procedure 
There was no orientation of the PAN-co-MAA and CNC in the films and it can be 
determined from the isotropic pattern seem in Figure A.8. Qualitative change in 
crystallinity of the PAN-co-MAA was determined from the integral scan from 2θ=8.5 ° to 
2θ=55 °. To qualitatively determine if there are significant change in crystallinity of the 
PAN-co-MAA in the composite systems relative to the neat PAN-co-MAA, the composite 
wide-angle X-ray diffraction (WAXD) integral scans were attempted to be recreated from 
the neat PAN-co-MAA and neat CNC WAXD integral scans. This is based on the idea that 
a sample’s diffraction pattern is an additive sum of all its separate parts [173]. This was 
done by Equation A.2 with a solver that minimized the sum of the squared error, E, by                          
solving for fitting parameters X1 and X2 simultaneously. With Y1, Y2, and Y3 being 
intensity of the neat CNC spectra, intensity of the neat PAN-co-MAA spectra, and the 
intensity of the composite spectra respectively. Each composite's solution of X1 and X2 was 
solved independently of other composites.   
𝐸 = ∑ (𝑌3(2𝜃) − (𝑌1(2𝜃)𝑋1 + 𝑌2(2𝜃)𝑋2))
22𝜃=55°




The intensity of a component is linear with respect to the volume of the component 
[174]. Since an x-ray diffraction pattern is an additive sum of its separate parts the amount 
of intensity a component gives off in a composite should be same once we normalize to 
volume fraction of that component in the composite. Using Equation A.3 we assessed the 
consistency of the rule of mixture curves. The ϕ1, ϕ2, i1, and i2 are the volume fraction of 
CNC, volume fraction of PAN-co-MAA, intensity coefficient of CNC, and intensity 
coefficient of PAN-co-MAA, respectively. The volume fraction of CNC in the films can 
be found in Table 2.1. The Y1, Y2, X1, and X2 are the same as Equation A.2 for each 
composite. The i1 and i2 should be the same for all composites, because it is a material 
property of the CNC and PAN-co-MAA. The variables i1 and i2 were solved 










2𝜃=8.5°                           (A.3) 
A.3       Wide Angle X-ray Result 
WAXD patterns can be seen in Figure A.8. PAN has a very distinct diffraction peak around 
2θ=16.7°, and CNC has distinct diffraction peaks around 2θ=20.4° for cellulose II and 2θ= 
22.6° for cellulose I [107, 139, 140]. CNCs produced at the Forest Product Laboratory are 
known to contain both cellulose I and II. The cellulose peaks can be seen more distinctly 
in the WAXD patterns as the CNC loading is increased. From the WAXD patterns it was 
determined through the azimuthal scan that there was no orientation for the CNC or PAN-
co-MAA, which is expected because the films were made by solution casting without 
applying any shear. In an attempt to determine crystallinity of the PAN, peak deconvolution 




The two methods showed very inconsistent results due to the high amount of overlap of 
the neat PAN-co-MAA and neat CNC pattern, the pattern of each can be seen in Figure 
A.9 (a) and (g). Since these two methods gave inconclusive results, the composite WAXD 
patterns were attempted to be recreated with the neat PAN-co-MAA and neat CNC WAXD 
patterns to qualitatively determine if there was significant change in PAN crystallinity with 
Equation A.2. The process of making the composites should not structurally change the 
CNCs meaning its WAXD pattern shape should not change between the CNC film and in 
the composite. The reason for this is because the CNC is not soluble in any of the materials 
used, and the temperatures used in the process should not be high enough to cause any 
structural changes. The experimental integrated radial scans of the films and rule of mixture   
integrated radial scan pattern made with the neat PAN-co-MAA and neat CNC patterns 
with Equation A.2 can be seen in Figure A.9. It can be seen that the experimental and rule 
of mixture graphs of the composite are very similar indicating qualitatively that there is not 
much change in the PAN-co-MAA crystallinity between the composite and neat sample. If 
there was significant change to the PAN-co-MAA structure in the composites, the 
composites pattern would not be able to be reproduced with the addition of the neat PAN-
co-MAA and neat CNC WAXD patterns. To further check the accuracy of these rule of 
mixture graphs Equation A.3 was applied for the CNC intensity. The solved i1 and i2 gave 
an equation with an R2=0.997 to our rule of mixture cellulose intensity divided by total 
intensity (Figure A.10). This allows us to know the rule of mixture graphs are being 
produced with the consistent ratios of PAN and CNC intensities relative to the CNC 




Previously it was shown that the addition of 10 wt% CNC in PAN-co-MAA when 
spun into a fiber with a total draw ratio (TDR) of 10, increased the crystallinity of the PAN-
co-MAA from 50 to 62 % [41]. Though there did not seem to be significant change in 
crystallinity in our current work, it has been seen in previous studies that the addition of 
fillers into polymers can increase or decrease the crystallinity of the polymer. The fillers 
can act as a crystallization nucleation point which would increase final crystallinity, but 
the addition of filler can also decrease the chain mobility of the polymer which can decrease 
the final crystallinity. These competing factors will dictate how the addition of fillers will 
influence the final crystallinity of the polymer [58, 176, 177]. From our results and the 
previous results of PAN-co-MAA/CNC fibers, it is possible that CNC act as a nucleation 
point for crystallization of PAN-co-MAA. The high shear during fiber spinning reduces 
the effect of the decrease in chain mobility caused by the CNCs, while still allowing the 
CNCs to act as nucleation points. In our study because of the solution casting method it is 
possible the effect of CNCs acting as nucleation points was neutralized by the CNC 
reducing the chain mobility of the polymer, thus leading to no observable significant 
change in crystallinity of the films.  
A.4       Solution/Suspensions Making Procedure Development 
The solution/suspensions made and reported in the Chapter 2 were made with a target 
solid content of 3.7 wt%. Before deciding to use 3.7 wt% solid content 
solution/suspensions for the work in Chapter 2, 10 wt% solid content solution/suspensions 
were originally made followed by 7 wt% solid content solution/suspensions. The 10 wt% 




loading air bubbles could not be removed due to the high viscosity, so homogenous films 
could not be made. To reduce the viscosity, we reduce the solid content down to 7 wt%, 
but at 40 wt% CNC loading, the air bubbles could not be removed. This resulted in making 
films from solution/suspension with a solid content of 3.7 wt%, which had a viscosity low 
enough that the air bubbles could to be removed at 40 wt% CNC loading.   
A.5       Film Making Procedure Development 
The final procedure that was decided to be used was solution casting the 
solution/suspensions in a glass mold 4 hours after the solution/suspensions were made in a 
70 °C oven with air circulation. Other procedures were tried such as in a 70 °C oven with 
no air circulation, but this resulted in large amount of solvent in the oven due to evaporation 
and condensation. This also resulted in the occasional solvent condensation to drop on the 
film resulting in nonhomogeneous films. We also tried using an oven under vacuum at 70 
°C, but this could result in air bubbles forming in solution/suspensions leading to bubbles 
in the film so this process was also not used.  
 The reason the films were cast 4 hours after the solution/suspensions were made 
was because we noticed the viscosity of the suspensions would change over time, and we 
were not sure how this would affect the properties of the films. Originally films were made 
without taking into account how old the solution/suspensions were. Since this could have 
resulted in properties changes all new films were made and tested once this was noticed.   
Another things we had to do was to get rid of the residual stress that were in the films 
due to the bottom of the film being in contact with the glass while the top of film was not 




not done, the films would curl and could not be worked with. Another problem we had was 
determining how to test these films, because the films with high CNC loadings were 
difficult to cut into shapes for testing. It was found that by submerging these films in water, 
and letting it interact with the water over a period of time made the films more flexible and 
able to be cut with a straight edge instead of random cracks occurring. Though even with 
this submerging in water process the films had to be slowly cut, when the films were cut 
with a die (all at once) the samples would crack and a testable tensile sample could not be 
made. So a cutting apparatus was made that allowed films to be cut with a consistent width, 
and allowed the film to be cut from top to bottom (not all at once), which resulted in tensile 
samples that could be tested. From what we learned described here we developed the 
procedure used in Chapter 2. 
A.6       Effect of Aged Suspension on Resulting Film Properties 
Due to the increase in viscosity of the neat PAN-co-MAA/CNC suspensions over 
time, there could be change in the resulting film properties. Aging is likely a factor of time, 
temperature, and concentration of the solution/suspension. To test the effect of aging on 
the suspensions on the resulting film properties we made a new CNC-20 suspension with 
the process mentioned in chapter 2, and casted films at 1 hour, 2, 4, 7, 9, 11 days after the 
solution/suspensions have been made. To reduce the effect of time the films were made 
thinner than the films made in Chapter 2, and dried under vacuum to reduce the time it 
took for the film to dry. The vacuum oven was also set to 25 °C to reduce the effect of 




The tensile testing procedure was the same for these films as used in Chapter 2 
except only 4 successful tests were conducted in the aging study. The tensile properties can 
be found in Table A.2. From the data, it can be noted that there is no trend in the change 
of elastic modulus over aging time. The elastic modulus seems to be related to film 
thickness (Figure A.11), and that thinner films have higher elastic modulus and this could 
be related to how thickness is measured. The thickness is measured by a caliper which 
applies pressure on the film during the measurement. Assuming all films are compressed 
the same amount when measuring thickness, thinner samples would be compressed more, 
and this could be a problem if the compression is significant.  
For the tensile strength of the CNC-20 samples (Table A.2) it was found that there 
was a slight trend of increasing tensile strength with increasing aging time. With the sample 
casted for the 1 hr old suspension having a tensile strength of 118 MPa while the film 
casted from the 11 day old suspension had a tensile strength of 139 MPa (~18% increase). 
A p-test was performed for these sample and the p-value=0.0377, which indicates this 
increase in tensile strength is statistically significant. We did not see an obvious trend of 
changing tensile strength with film thickness (Figure A.11). The increase in tensile 
strength with increasing aging time can result due to adsorption of polymer onto the CNC 




We also did WAXD studies on these films to determine if there are any structural 
changes in these films as a result of solution/suspension aging. The WAXD 2-D pattern 
can be found in Figure A.12, and the integrated radial scan can be found in Figure A.13. 
The WAXD 2-D pattern, and azimuthal scans done indicates that none of the films have 
any orientation that would contribute to differences in properties. The integrated scan 
intensity was normalized to the cellulose I peak (2θ=~22.6°). Using fitting the integrated 
radial scan the PAN crystallinity and PAN crystal size was determined. The PAN crystal 
size was calculated using the Scherrer equation with the peak fitted at a 2θ=17° [41], and 
the data can be found in Table A.2. It was found that there was no significant change in 
crystallinity over time. There was a trend of decreasing PAN crystal size of the films casted 
from the suspensions with increasing aging time This decrease in crystal size could be due 
to the increase in suspension viscosity with time. This would reduce polymer mobility as 




Table A.1. Glass transition and cyclization onset temperature determined by DSC at a 
heating rate of 10 °C/min in air. DSC curves can be found in Figure A.7. 
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1 Hour 5.2 ± 0.1 118 ± 13 2.9 ± 0.4 2814 ± 91 29 ± 1 23 5.8 
2 Days 5.3 ± 0 121 ± 4 2.8 ± 0.2 2798 ± 17 30 ± 1 22 5 
4 Days 4.8 ± 0.2 130 ± 8 3.5 ± 0.3 2814 ± 28 40 ± 3 21 5 
7 Days 5.5 ± 0.3 128 ± 8 3.1 ± 0.4 2778 ± 30 27 ± 5 21 4.7 
9 Days 5.0 ± 0.2 128 ± 10 3.4 ± 0.6 2777 ± 83 35 ± 2 22 4.5 





Figure A.1. Complex viscosities of solution/suspensions after (a) 4 hours, (b) 4 days, (c)  


























































































































































Figure A.2. Comparison between the first and second runs in the rheology aging study of 
the 4 day old solution/suspensions. Curve shows there is minimal change between the first 
and second run indicating no change in structure between runs, and little to no solvent 
evaporation and water absorption.    
 
Figure A.3. Representative optical microscopy images of the films under cross polarizers 
showing little to no birefringence (a) Neat PAN-co-MAA, (b) CNC-5, (c) CNC-10, (d) 














































































































































































Figure A.4. Optical microscopy images of the films under cross polarizers in areas of the 
films with high CNC agglomerations (not representative of whole film) (a) Neat PAN-co-
MAA, (b) CNC-5, (c) CNC-10, (d) CNC-20, (e) CNC-30, (f) CNC-40. Scale bar =500 μm. 
 
 
Figure A.5. Experimental and rule of mixture degradation curves of CNC-40 (Left) in air, 


























 Neat PAN-co-MAA Experimental
 40 wt% CNC Rule of Mixture
 40 wt% CNC Experimental
 100 wt% CNC Experimental





















 Neat PAN-co-MAA Experimental
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Figure A.6. Experimental tensile strength and the predicted tensile strength from the 
modified Kelly and Tyson equation with a critical reinforcement length of 876 nm. 
 
Figure A.7. DSC curves of the films at a heating rate of 10 °C/min in air. (Left)  Showing 
the temperature range from 50 to 150 °C (the region where the glass transition occurs). The 
Tg is the midpoint between where the dash lines intersect for each film. The curve shows 
a trend of increasing Tg with increasing CNC loading. (Right) DSC curve of films from 
50 to 300 °C showing an increase in the cyclization onset temperature with increasing CNC 
loading. The cyclization onset temperature for each film is where the dash lines intersects.  
(a) neat PAN-co-MAA, (b) CNC-5, (c) CNC-10, (d) CNC-20, (e) CNC-30, and (f) CNC-



























 Modified Kelly and Tyson Lc=876 nm
























































Figure A.8. WAXD patterns of films: (a) neat PAN-co-MAA, (b) CNC-5, (c) CNC-10, 
(d) CNC-20, (e) CNC-30, (f) CNC-40, (g) neat CNC. 
 
Figure A.9. Experimental and rule of mixture WAXD integrated radial scan of films: (a) 
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Figure A.10. Fit of Equation A.3 to CNC intensity divided by total intensities of the rule 










Figure A.11. Relationship of elastic modulus and tensile strength of the CNC-20 films 
with respect to film thickness showing elastic modulus decreases with increasing film 
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Figure A.13. (a) Integrated WAXD scan of the CNC-20 Films casted from aged 
suspensions. (b) Closer up image of the peak at 2θ=~17° showing a decrease in the peak 
with increasing aging time. Intensity was normalized to the cellulose I peak (2θ=~22.6°)  
1 hr 4 days 2 days 
7 days 11 days 
 
9 days 




























































APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 
B.1     Fibers vs Film Specific Surface Area Calculations 
The surface area to volume ratio (SA:V) was calculated for the PAN-co-MAA fiber and 
film to determine how much higher the fiber’s SA:V was than the films’. These calculations 
were done assuming that the fiber geometry was a long rod, while the films were assumed 
to be a thin square plate geometry. The equations for the calculations can be found below 
(Equation B.1-B.3). The variables r, L, W, and t are radius of the fiber, length of the fiber, 
with of the film, and thickness of the film, respectively. It was assumed L>>r and W>>t so 






  could be approximated by 
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 could be approximated by 
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𝑡
. A radius of 7.5 µm was used for the fiber and thickness of 
93 and 13 µm was used for the film as measured in Chapter 2 & 3.  





















≈ 0.267 𝜇𝑚−1 
(B.1) 





















≈ 0.022 𝜇𝑚−1 
(B.2) 



























B.2.     FTIR and WAXD Analysis 
To investigate if there was any different structure development and/or reaction in 
the composite samples compared to the neat PAN-co-MAA and neat CNC samples before 
and after the endo and exothermic reactions, FTIR was done on neat PAN-co-MAA, CNC-
40 and neat CNC samples before it was heated and after heating to 160, 310, and 400 °C 
in nitrogen. Heating the samples to 400 °C in nitrogen followed by heating in air to 400°C 
and directly in air to 400 °C was also done. 
Plots of FTIR of films heated to different temperatures and environment at a heating 
rate of 10 °C /min are given in Figure B.2. For  PAN-co-MAA the peak at 3435 cm-1 is  
related to the hydroxyl groups and the 1730 cm-1 peak is related to the carbonyl peak of the 
MAA and neither peak is seen in neat PAN [84, 178]. The peaks at 2926 and 1453 cm-1 are 
related to CH2, and the 1254 and 1384 cm
-1 peak is related to CH in both the MAA and 
PAN. The 2243 cm-1 is present due to C≡N in the polyacrylonitrile. The peaks 1664, 1097, 
and 1064 cm-1 are most likely related to residual DMF during processing [84, 85, 179-181]. 
When the PAN-co-MAA film is heated to 160 °C there is not much change from when it 
is unheated except for decreases in the peaks related DMF, 1664 ,1097, and 1074 cm-1.  
Consistent with the DSC results at 310 °C, the FTIR spectra indicates that the cyclization 
reaction has ended. The FTIR supports this with the C≡N peak decreasing significantly and 
forming a peak at 1612  cm-1 and a shoulder at 1580 cm-1 which is related to the C=N and 
C=C. The CH peak at 1250 cm-1 also becomes more prominent due to conversion of CH2 
into CH. The hydroxyl peak related to the MAA goes away, and the peak at 1148 cm-1 also 




from the MAA. From 310 °C to 400 °C there is no new development of peaks, just changes 
in height of existing peaks. The peak ratio of 1148, 1254, and 1612 cm-1 with respect to 
1384 cm-1 decreases.  The small peak still left at 2243 cm-1 at 310 °C is no longer present 
after heating to this temperature. As seen in the DSC, there is large no endothermic or 
exothermic reaction from 310 °C to 400°C in nitrogen, with primarily the cyclization 
reaction finishing at a temperature slightly higher than 310 °C. For the film followed by 
heating to 400 °C in air after being heated to 400 °C in nitrogen there is little change in the 
FTIR curve compared to the film heated only to 400 °C in nitrogen. The lack of change in 
the FTIR is likely due to the slow oxygen diffusion into PAN and the low amount of surface 
area for the PAN. This lack of reaction in the air reruns was also seen in the run in the DSC. 
The DSC exhibited a low exothermic reaction compared to fibers and thinner films. For 
the film directly heated in air compared to the film first run in nitrogen then air the FTIR 
spectra were similar.  
For the neat CNC film, the peaks at 3435 and 670 cm-1 are related to the hydroxyl 
groups. The peaks at 2898 and 1384 cm-1 are related to CH, 1652 cm-1 is bound water and 
likely some DMF, 1433 cm-1 is CH2 and OCH, 1319 cm
-1 is CH2, 1164 cm
-1 is CO in ring 
and the bridge oxygen stretch, 1117 cm-1 is COC, 1058 cm-1 and 1036 cm-1 are due to C-
O, and 897 cm-1 is due to CH or CH2 [137, 138]. As the neat CNC is heated to 160 °C there 
is very little difference compared to the unheated CNC. The peak at 1652 cm-1 (DMF + 
water) became more symmetric and shifted to 1645 cm-1 (bound water) likely due to the 
removal of some of the DMF. DMF has a peak at 1664 cm-1 which skewed the peak to a 




(hydroxyl) narrowed and the 670 cm-1 peak decreased due to the dehydration reaction of 
cellulose. Two very strong peaks developed at 1631 and 1707 cm-1 with the 1631 cm-1 
corresponding to C=C, and the 1707 cm-1 most likely representing the C=O that formed 
due to dehydration. Peaks from 1664 cm-1 to 897 cm-1 started to lose their distinct shapes 
and began to merge [96]. A peak also started to develop at 2920 cm-1, which encompassed 
the peak at 2898 cm-1. Once the film is heated to 400 °C the broad peak that was originally 
at 2898 cm-1 (CH) further developed into 3 peaks at 2970, 2920, and 2854 cm-1. These 3 
peaks are associated with different carbon hydrogen bonds. A shoulder started to develop 
at 1577 cm-1 which could be C=C that formed after thermal scission, and a peak at 1440 
cm-1  might be more apparent due to the addition of OCH that formed after thermal scission.  
The peaks around 1030 to 1170 cm-1 merged and a peak at 1117 cm-1 remained.  Once this 
film was rerun in air to 400 °C, the peak at ~800 cm-1 disappeared which is associated with 
ring breathing; this would indicate the benzene ring has broken down. A sharp peak 
developed at 1658 cm-1 with both peaks at 1714 and 1631 cm-1. A small peak also started 
to develop at 1256 cm-1. The FTIR spectrum for a film which had been run directly in air 
to 400 °C was similar to the film ran to 400 °C in nitrogen, except for an additional peak 
at 1658 cm-1 that was also seen in the film that was run in nitrogen followed by air. The 
aromatic ring peak (~800 cm-1), 1631 cm-1 and 1714 cm-1 peaks were still observed in this 
sample, unlike for the film that was first heated to 400 °C in nitrogen followed by 400 °C 
in air where these 3 peaks were no longer present.  
The CNC-40 film was analyzed with FTIR as it was heated to different 




were different developments. As the film was heated to 160 °C there was not much 
difference between this sample and the unheated state. Some DMF evaporated off, causing 
the skew of the peak at 1656 cm-1 to disappear and the new peak present at 1645 cm-1, 
which is the bound water on the cellulose. The same result of DMF evaporation was 
observed in both the PAN-co-MAA and cellulose films after heating to this temperature. 
As the film was heated to 310 °C the hydroxyl peak developed a slight skew and the peaks 
shifted from 3435 cm-1 to 3395 cm-1. The reason for the skew and shift is unclear at this 
temperature. In the neat PAN-co-MAA film the hydroxyl peak completely disappeared, 
and in the neat CNC the peak narrowed due to dehydration. Peaks that are associated with 
cellulose such as 1117, 1058, 1036, and 897 cm-1 were still present in the CNC-40, while 
in the neat CNC film these peaks merged and could not be separated from each other at 
this temperature. This indicates that when CNC is in the PAN/CNC composite, the CNC 
is more thermally stable than neat CNC film. This conclusion is supported by WAXD data 
showing that the cellulose structure is still present after heating to this temperature, which 
will be discussed later.  This is further supported by the TGA data seen in Figure 3.2 where 
mass loss for CNC-40 occurred at a much higher temperature than neat CNC. This seems 
to indicate that dehydration and thermal scission may not occur until a higher temperature 
or at least at a much slower rate, which could be due to the CNC being well dispersed in 
the polymer matrix. The peaks that are associated with PAN-co-MAA appear to have 
developed similarly to pure PAN-co-MAA film, with the significant lowering of the C≡N 
peak at 2243 cm-1 and the 1614 and 1250 cm-1 peaks developing. The peak at 1383 cm-1 




seems that the PAN-co-MAA in the composite still undergoes the same reaction as pure 
PAN-co-MAA while the neat CNC in the composite seems to be stable with no interaction.  
In the pure CNC film the dehydration reaction has already proceeded at this temperature. 
As the CNC-40 films were heated to 400 °C in nitrogen, they showed some differences to 
the neat components. One significant difference was the hydroxyl peak becoming very 
weak, though in the DSC between 310 °C and 400 °C there was no endothermic peak 
showing no dehydration was observed. This indicates that the OH bonds on the cellulose 
did not form water, and possibly the oxygen reacted with the polyacrylonitrile for the 
oxidation reaction. While the heating to 400°C did show that CNC were more thermally 
stable in the composite, it didn’t provide evidence of interaction between the CNC and 
PAN-co-MAA. Along with the lowering of the hydroxyl peak, the peak at 2919 cm-1 was 
reduced significantly, even though it was present in the pure cellulose film. This could have 
been due to the oxygen forming bonds with the polyacrylonitrile or donating the oxygen to 
the polyacrylonitrile for oxidation. A strong peak at 1117 cm-1 developed in the pure 
cellulose film, which was the shoulder that forms in the CNC-40 FTIR. This peak was 
related to the CO which exists at 1150 cm-1 in the PAN film. There does seem to be a small 
peak development at 1150 cm-1 in the composite film though not as sharp due to the 
overlapping 1117 cm-1 peak. This shows that the new exothermic peak seen after 
cyclization in the DSC is in fact a different reaction than the extremely broad peak seen the 
in pure CNC. The film that was heated to 400 °C in nitrogen and further heated to 400 °C 
in air had the peak magnitude change relative to the 1384 cm-1 peak, with the peaks at 1270, 




directly in air to the film heated in nitrogen followed by air, the spectra look relatively 
similar. Comparing the peak ratios with respect to the 1384 cm-1 peak, the peaks at 1648, 
2858, 2919, and 3410 cm-1 increased when the film was ran directly in air.  
The WAXD 2-D integral plots of films heated to different temperatures and in 
different environments at a heating rate of 10 °C/min can be seen in can be seen in Figure 
B.3. PAN has a very distinct diffraction peak around 2θ=16.7°, and the CNC from the 
USDA Forest Service FPL has distinct diffraction peaks around 2θ=20.4° for cellulose II 
and 2θ= 22.6° for cellulose I [107, 134, 139, 140]. For the neat PAN-co-MAA without 
heating the sharp peak at 2θ=16.7° was noted. As the neat PAN-co-MAA is heated to 160 
°C there is no real change to the WAXD spectra, which is supported by the DSC and FTIR 
data. When the film was further heated to 310 °C the peak at 2θ=16.7 disappeared and a 
very broad peak at 2θ=~20° developed. Continued heating of the sample to 400 °C revealed 
that the broad peak at 20° started to develop two peaks at 2θ=16° and 25.3°. When the 
sample was rerun in air after being heated in nitrogen there was not much difference 
between the WAXD spectra, aside from the peaks at 2θ=16° and 25° getting slightly 
sharper. Compared to the neat PAN-co-MAA sample ran directly in air there was no 
significant difference observed. There was also no difference noted in FTIR between these 
samples.  
For the unheated CNC, the distinct diffraction peaks around 2θ=20.4° for cellulose 
II and 2θ= 22.6° for cellulose I were observed. As the CNC film was heated to 160 °C there 
was not much change from the unheated state.  As the sample was further heated to 310 °C 




2θ=~18.5 developed. Multiple smaller peaks developed at 2θ=23.5°, 25.7°, 32.3°, 33.5°, 
34.5°, 46.6°, and  47.6°. Once the film was heated to 400 °C the peak at 2θ=~18.5° shifted 
to 2θ=~20.5°. When the sample was rerun in air the broad peak shifted further to a higher 
2θ value, increasing from 2θ=20.5° to 2θ=23.5°. This increase in 2θ value with further 
heating would indicate that the structure is densifying. There was no significant difference 
between the sample ran directly in air and the sample ran in nitrogen followed by air.  
For the unheated CNC-40 sample the strong PAN (2θ=16.7°) and cellulose I 
(2θ=22.6°) and II (2θ=20.4°) peaks can be seen. As it was heated to 160 °C there was no 
change in the WAXD pattern. When it was further heated to 310 °C the peak associated 
with PAN (2θ=16.7°) decreased, similar to what was seen when PAN-co-MAA was heated 
to 310 °C. The cellulose I and II peaks were still very prevalent in the WAXD pattern 
indicating the structure of cellulose was maintained at this temperature. Though it was 
observed in the pure CNC film at this temperature, these peaks no longer exist due to the 
breakdown of the cellulose structure. This further supports that CNC maintains its structure 
to a higher temperature in a PAN-co-MAA/CNC composite compared to a neat CNC film. 
As the film was further heated to 400 °C a peak developed at 2θ=25.3° similar to PAN at 
this temperature. There also exists a shoulder at a lower 2θ of 2θ=25.3° which appeared to 
have come from the addition of the peak at 2θ=16° seen in neat PAN-co-MAA and the 
very broad peak observed in neat CNC at 2θ=18.5° at 400 °C. Three small peaks were 
noted at 2θ=~23.5°, ~32.3°, and ~33.6° which were also seen in the neat CNC. The other 
small peaks found in the neat CNC at this temperature cannot be discerned, possibly due 




increase in magnitude; this was also seen in the neat PAN-co-MAA when under this 
condition. The sample that was run directly in air was similar to the sample that was first 
run in nitrogen followed by running in air.  
B.3.     DSC Testing Procedure Development 
It has been shown in TGA that PAN-co-MAA undergoes thermal degradation in the 
range of 200-400 °C. During this thermal degradation, products are formed and in the DSC, 
it is possible that these products can contaminate the DSC cell. The amount of 
contamination is a factor of heating rate and sample size.  It was found that due to the low 
exothermic reaction of the PAN-co-MAA films when it is rerun in air that this 
contamination, from the PAN-co-MAA film run nitrogen, would have a large effect on the 
DSC curve. Though it was observed that even in PAN-co-MAA fibers that the 
contamination would affect the curves of the samples rerun in air, but in a much less 
significant way than the PAN-co-MAA films. We found that a cleaning cycle of heating 
the cell to 500 °C in air and holding the temperature for 5 minutes would be able to clean 
out the cell, this procedure will be referred to as a cleaning cycle for the rest of the Section 
B.3. 
 We wanted to see how the contamination would affect the DSC curves, and the 
curves of this study can be found in Figure B.4. In Figure B.4 (a) are the DSC curves of 
the cleaning cycles of an empty DSC cell after running a PAN-co-MAA sample in nitrogen. 
The first cleaning cycles removes most of the contaminates, and the second cleaning cycle 
curve is relatively smooth. Figure B.4. (b) shows 2 DSC curves of PAN-co-MAA film ran 




curve a cleaning cycle has been performed between the 2 film runs and the other curve no 
cleaning cycle was performed. The cyclization peak is a highly exothermic reaction and 
cleaning or no cleaning between runs did not result in any significant difference in the 
curves. In Figure B.4 (c) we looked at how the contamination would affect the DSC curves 
of the PAN-co-MAA films rerun in air. In the curve without cleaning beforehand 2 peaks 
can be seen, 1 peak for the oxidation of the PAN film and another for the reaction of the 
degradation products of the PAN-co-MAA that was created during the run in nitrogen. In 
the other curve where we cleaned the cell beforehand we do not see the 2nd exothermic 
peak related to the reaction of the PAN-co-MAA degradation products. In Figure B.4 (d) 
we can see the DSC curve of the PAN-co-MAA film ran in nitrogen, and the cleaning cycle 
curves after a PAN-co-MAA film has been reran in air. It can be noted that though there is 
some cleaning that is done during the cleaning run, the curve height is relatively 
insignificant to the overall peak of the sample. Though, for good practice we still used a 
cleaning cycle for the DSC between every sample run to prevent the effect of 
contamination. These effects are less apparent in PAN-co-MAA fibers, due to the larger 
exothermic peaks due to higher surface area, but it is still suggested to clean the DSC cell 
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 as recieved CNC powder
Table B.1. Enthalpy of reaction as measured by DSC for the dehydration and thermal 
scission of bridge oxygen that occurs in CNC. 
Sample Enthalpy of reaction 
(J/g) 
Onset of reaction (°C) 
CNC film cast from DMF 
 
191 260 




CNC film cast from water  
 
104 250 





























Figure B.1. DSC plots of CNC films prepared by different methods heated at 10 °C/min 
in nitrogen showing difference in curve shape and onset and peak temperatures. (Top left)  
CNC film cast from DMF, (Top Right) CNC film cast from water, and (Bottom) as 





Figure B.2. FTIR of (Top Left) neat PAN-co-MAA, (Top Right) neat CNC, and (Bottom) 
CNC-40 heated at 10 °C/min to (a) unheated, (b) 160 °C in Nitrogen, (c) 310 °C in 
Nitrogen, (d) 400 °C in Nitrogen, (e) 400 °C in nitrogen followed by 400 °C in air, and (f) 










































































Figure B.3. WAXD 2-D integral plot of (Top Left) neat PAN-co-MAA, (Top Right)  neat 
CNC, and (Bottom) CNC-40 heated at 10 °C/min to (a) unheated, (b) 160 °C in Nitrogen, 
(c) 310 °C in Nitrogen, (d) 400 °C in Nitrogen, (e) 400 °C in nitrogen followed by 400 °C 

































































































Figure B.4. (a) Curves from cleaning the DSC cell after running a PAN-co-MAA film in 
nitrogen showing 1 cleaning cycle is enough. (b) runs of the PAN-co-MAA film in nitrogen 
with and without cleaning after a PAN-co-MAA film run in nitrogen indicating no 
significant differences in the DSC curve. (c) Rerun of the PAN-co-MAA films in air with 
and without cleaning after a PAN-co-MAA film run in nitrogen, showing that cleaning 
must be done or the curve shape changes completely. (d) PAN-co-MAA film ran in 
nitrogen compared to the cleaning curves of the DSC cell after rerunning a PAN-co-MAA 
film in air indicating that there is not much contamination and it would not have a 
significant effect on the curve of a PAN-co-MAA film sample ran in nitrogen.  
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 
C.1     Degree of Substitution Calculations (Sulfonation) 
The degree of substitution of cellulose can be calculated based on the sulfur content 
measured from elemental analysis with Equation C.1 where x is the degree of substitution. 
The concentration of sulfonated groups can also be calculated with Equation C.2 where x 
is the degree of substitution found in Equation C.1. The 32.06 is the molar mass of sulfur, 
162.14 is the molar mass of an anhydroglucose unit, and 80.06 is the molar mass of the 
sulfate group minus hydrogen.  
𝑥(32.06)
162.14 + 𝑥(80.06)





 𝑋 1000 =
𝑚𝑚𝑜𝑙 𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑔𝑟𝑜𝑢𝑝𝑠





C.2     Conductive Titration of TEMPO CNF 
Conductive titration was performed by dispersing 168 mg of sodium form TEMPO 
CNF in 75 ml of DI water. This solution was continuously stirred with a magnetic stir bar. 
1 M HCl was added to the suspension until the pH reached 2 (measured with a pH meter 
UltraBASIC (Denver Instruments) and stirred for 30 minutes before further 
experimentation to allow the sample to protonate. A 0.05 M NaOH solution was 
incrementally added to the suspension while conductivity was measured with a Thermo 
Scientific Orion Star with a conductivity probe attachment.  NaOH was added until the pH 
of the sample reached 10. The conductivity titration curves can be found in Figure C.6. 




V1  are degree of substitution, concentration of NaOH solution used (mol/L), weight of 
dried cellulose added (g), and V2 and V1 are the amounts of NaOH solution added at point 
indicated in Figure C.6 [77]  
𝑥 =
162 ∗  𝐶 ∗  (𝑉2 − 𝑉1)
𝑤 − 36 ∗ 𝐶 ∗ (𝑉2 − 𝑉1)
 
(C.3) 
C.3     Earlier Sulfonation Trials and Reasons for Failures 
Many failed trials occurred before we could determine how to make sulfonated 
CNF. The main cause of these failures is the water sensitivity of the reaction. Even for our 
highest CSA:AGU ratio sample (2.5:1) 1.1 ml of water will end the reaction, while the 
0.5:1 and 1.5:1 CSA: AGU ratio samples only need 0.2 and 0.7 ml of water to end the 
reaction. This is because CSA reacts with water to form sulfuric acid (which would require 
much higher concentrations for sulfonation), while CSA is needed to convert into sulfur 
trioxide to do the reaction. The degradation pathway of CSA we desire is seen in Equation 
C.4, while the degradation pathway when there is water can be seen in Equation C.5. The 
calculation for the amount of water to convert all the CSA to HCl and sulfuric acid can be 
seen in Equation C.6. The c, R, and w in Equation C.6 is the weight of CNF used in 
grams, R is the ratio of CSA to AGU, and w is amount of water needed to convert the CSA 
into HCl and sulfuric acid in ml. The 162 is the molecular weight of an AGU unit and 18 
is the molecular weight of water.  
𝐶𝑙𝑆𝑂3𝐻 → 𝐻𝐶𝑙 + 𝑆𝑂3 (C.4) 






∗ 𝑅 ∗ 18 = 𝑤 (C.6) 
Initially we started doing this reaction with CNF slurry acquired from the 
University of Maine (lot# 2012-FPL-CNC-48/051). We did this by diluting the CNF slurry 
into nonanhydrous DMF and distilling out the excess water. Though DMF and water do 
not form an azeotrope, it is very difficult to remove all the excess water due to how 
hydrophilic the cellulose and DMF is. So we started to use freeze dried CNF from the 
University of Maine that we dry in a vacuum oven at 70 °C for 1 day to try to reduce any 
bound water. Also we started to use anhydrous DMF to reduce the amount of water that 
might be introduced from the DMF. With the freeze dried CNF we were getting better 
results, but we could still not get sulfonated CNF at low CSA to AGU ratios even though 
we were drying the glassware with a heat gun before doing the reaction. To solve this 
problem, we started keeping the glassware in a 110 °C oven 1 day prior to the experiment, 
and using it almost directly out of the oven to reduce the effect of moisture. With this 
method we could get sulfonated sample even for our 0.5:1 CSA:AGU sample which only 

































Figure C.1. SEM images of the all unfunctionalized and functionalized CNF samples, 


























Figure C.2. FTIR spectra of (a) SCNF1, (b) SCNF2, and (c) SCNF3 films at different 
reaction times showing a trend of increasing 1250 and 811 cm-1 peaks with increasing 



































































































Figure C.3.Transmittance of suspensions (0.1 wt%) of sulfonated CNF compared to the 
unfunctionalized and TEMPO CNF dispersions as measured by UV-Vis. (a) SCNF1, (b) 
SCNF2, and (c) SCNF3 in DI water, and (d) SCNF1, (e) SCNF2, and (f) SCNF3 in DMF 













































































































































































































Figure C.4. (a) TEMPO CNF dispersed in DMF (0.1 wt%), and (b) TEMPO CNF 
dispersed in DMF (0.1 wt%) after undergoing heat treatment at 70 °C for 3 days showing 
a strong yellow hue developed. (c) SCNF3-60 dispersed in DMF (0.1 wt%), and (d) 
SCNF3-60 dispersed in DMF (0.1 wt%) after undergoing heat treatment at 70 °C for 3 days 
















Figure C.5. (Top) chemicals used for TEMPO oxidation before heating in DMF (a) 
TEMPO radical (8.5 mg/ 100 ml), (b) NaCl (2g/100 ml), (c) acetic acid (7 ml/100ml), and 
(d) 14.5 wt% NaClO (7 ml/100 ml). (Bottom) Same chemicals as mentioned above, but 
after being heated at 70 °C for 3 days, images show no large change in color observed after 
heating. 














































Figure C.6. Conductivity titration curve of the TEMPO CNF used to determine the degree 





APPENDIX D. SUPPORTING INFORMATION FOR CHAPTER 5 
D.1     TEMPO Oxidation Procedure 
The procedure for making TEMPO CNF and the effect of different processing 
procedures that can occur is not well documented. Due to this reason, there were initial 
troubles when TEMPO CNF was attempted to be made. It was found that if the TEMPO 
CNF was in the protonated form fibrillation of the CNF would not occur to the same 
degree as compared to TEMPO CNF in the sodium form. This can be seen in Figure D.1 
(a) and (b), showing that the TEMPO CNF in the sodium form after undergoing 
homogenization is relatively transparent, while the TEMPO CNF in the protonated form 
after undergoing the same homogenization procedure is still very opaque. To achieve 
relatively disperse TEMPO CNF in the protonated form, it was found that you could 
protonate fibrillated TEMPO CNF in the sodium form, and then undergo further 
homogenization of the protonated TEMPO CNF (Figure D.1 (c)).  
D.2     Initial PAN-CNF Composite Fiber Spinning Trials 
Initially unfunctionalized cellulose nanofibrils with PAN-co-MAA using DMF as 
the solvent were attempted to be spun, but the unfunctionalized CNF would not disperse 
well and clog the filters used in the spinning set up. To counteract this, we tried to spin 
without a filter, but do to the high inhomogeneity of the suspension it did not result in 
continuous fiber with the gel spinning process.  
  It was therefore decided, to increase the dispersibility of the CNF to spin these 
fibers so. To improve the dispersibility we tried using functionalized CNF with the most 




TEMPO CNF and PAN-co-MAA in DMF, but the solutions also became very 
heterogenous and would lead to clogging of the filter. After removing the filter 
continuous fiber could still not be made. As has been shown in Chapter 5, TEMPO CNF 
does not disperse well in DMF at high concentrations. This is hypothesized to occur due 
to all the ions that are generated with the degradation of DMF.  
We determined that TEMPO CNF dispersed well in DMSO even at high 
concentrations this is due to the higher chemical stability of DMSO unlike DMF which 
would form ions due to degradation at elevated temperatures. Due to these findings 
suspensions of TEMPO CNF and PAN-co-MAA in DMSO were made, and with these 
suspensions, fibers could be spun without clogging the filter packs. Though the tensile 
properties of these fibers even at low CNF loading of 1 wt% were lower than the 
mechanical properties of the neat PAN-co-MAA fibers. This decrease in mechanical 
properties is likely due to low interaction between this functionalization and PAN-co-
MAA. When the suspensions become concentrated, because the TEMPO CNF does not 
want to interact with the PAN-co-MAA it will aggregate with itself leading to stress 
concentrators in the final fiber.  To counteract this problem a functionalization that 
interacted better with the PAN-co-MAA was needed. An amine group on the CNF should 
interact better with the PAN so amination of the CNF was done and the results of this 
CNF can be seen in Chapter 5.  
D.3     PAN-CNF Sheath-Core Fiber 
PAN-co-MAA as the sheath and TEMPO CNF as the core was attempted to be 




using DMF as the solvent and TEMPO CNF with water as the solvent mimicking the idea 
of how hollow fibers are spun. It was found that our spinning set up could not work with 
this method since the water in the TEMPO CNF interacted with the PAN-co-MAA 
solution in the distribution plates and would coagulate the PAN-co-MAA resulting in 
clogging of the system. We then tried the same set up but with TEMPO CNF in DMF, as 
mentioned before it was found that TEMPO CNF was found to aggregate in DMF and 
clog the filter pack, which is what occurred in this instance. Following this we tried using 
PAN-co-MAA with DMSO as the solvent and TCNF with DMSO as the solvent.  Even 
with this the fibers could not be successfully continuously spun through we did obtain 
some fiber by dry-jet wet spinning into a coagulation bath and removing the fibers after it 
had coagulated. To spin these fibers a 500 µm diameter spinneret was used. The sheath 
was PAN-co-MAA at 15 wt% solid content, and the core was TEMPO CNF at ~1.3 wt% 
solid content. The reason we could not get consistent fiber is due to the high solvent 
content of the TEMPO CNF in the core, which reduce the stability of the sheath. Images 
of the fiber we spun can be found in Figure D.2. The fibers have a very non-circular 
cross section due to low solid content of the core and solidification during the drying 
process. We can also see that in some sections of the fibers that there is no CNF that can 








Figures and Tables 
Table D.1. Draw ratios and tensile properties of neat PAN-co-MAA fibers spun with an 
ADR of 1.   






1 1 1 1 108 ± 20 5.2 ± 1.0 2.8 ± 0.5 
1 1 5 5 363 ± 37 10.6 ± 0.5 17.2 ± 1.2 
1 1 7 7 433 ± 48 11.9 ± 1.0 13.5 ± 1.3 
1 1 10 10 594 ± 70 14.1 ± 0.8 10.8 ± 0.7 
1 1 15 15 867 ± 63 17.7 ± 0.5 8.7 ± 0.5 
1 1 20 20 1060 ± 76 19.7 ± 0.5 8.7 ± 0.4 
1 1.3 1 1 138 ± 5 6.2 ± 0.2 6.1 ± 1.3 
1 1.3 3.8 5 429 ± 21 11.9 ± 0.3 15.1 ± 0.8 
1 1.3 7.7 10 762 ± 45 17.5 ± 0.3 10.2 ± 0.7 
1 1.3 11.5 15 911 ± 96 19.5 ± 1.0 8.8 ± 0.5 
 
Table D.2. Draw ratios and tensile properties of neat PAN-co-MAA fibers spun with an 
ADR of 2.   






2 1 1 2 130 ± 1 5.9 ± 0.1 24.1 ± 19.3 
2 1 2.5 5 278 ± 15 9.7 ± 0.3 33.5 ± 7.1 
2 1 5 10 509 ± 43 12.6 ± 0.7 13.9 ± 1.5 
2 1 7.5 15 655 ± 71 15.6 ± 0.7 10.2 ± 1.1 
2 1 10 20 777 ± 78 17.0 ± 0.8 9.1 ± 0.5 
2 1.3 1 3 132 ± 2 6.1 ± 0.2 25.5 ± 14.4 
2 1.3 1.9 5 242 ± 14 9.3 ± 0.3 39.2 ± 5.3 
2 1.3 3.8 10 495 ± 30 13.0 ± 0.5 13.7 ± 1.3 
2 1.3 5.8 15 656 ± 62 15.3 ± 0.5 10.9 ± 0.7 
2 1.3 7.7 20 764 ± 114 17.7 ± 0.8 8.6 ± 0.7 






Table D.3. Draw ratios and tensile properties of neat PAN-co-MAA fibers spun with an 
ADR of 3.   






3 1 1 3 126 ± 2 5.9 ± 0.4 16.7 ± 14.0 
3 1 6.7 20 553 ± 34 14.3 ± 0.3 9.5 ± 0.5 
3 1.3 1 4 135 ± 4 6.4 ± 0.1 77.3 ± 22.1 
3 1.3 2.6 10 379 ± 18 11.2 ± 0.3 15.4 ± 1.3 
3 1.3 3.8 15 497 ± 18  12.8 ± 0.3 11.1 ± 0.4 
3 1.3 5.1 20 607 ± 30 14.6 ± 0.4 9.8 ± 0.5 
3 1.3 6.5 25 651 ± 56 15.6 ± 0.8 9.7 ± 0.5 
3 1.3 8 31 874 ± 58 18.4 ± 1.7 8.2 ± 0.5 
3 1.3 9 35 888 ± 52 19.3 ± 0.4  8.3 ± 0.5 
 
 
Table D.4. Draw ratios and tensile properties of TCNF-1 fibers spun with an ADR of 1.   






1 1 1 1 37 ± 20 4.3 ± 0.7 1.2 ± 0.4 
1 1 5 5 435 ± 23 12.9 ± 0.4 12.0 ± 0.6 
1 1 10 10 714 ± 45 16.5 ± 0.4 9.3 ± 0.5 
1 1 15 15 676 ± 49 17.9 ± 0.6 7.0 ± 0.4 
1 1.3 1 1 118 ± 17 4.9 ± 1.1 3.3 ± 0.3 
1 1.3 3.8 5 414 ± 48 12.5 ± 1.0 13.6 ± 1.6 
1 1.3 7.7 10 702 ± 63 16.4 ± 0.8 10.2 ± 0.7 










Table D.5. Draw ratios and tensile properties of TCNF-1 fibers spun with an ADR of 2.   






2 1 1 2 113 ± 7 5.3 ± 0.5 3.1 ± 0.4 
2 1 2.5 5 196 ± 34 10.3 ± 0.6 5.7 ± 2.9 
2 1 5 10 468 ± 37 14.5 ± 1.0 8.5 ± 0.4 
2 1 7.5 15 731 ± 55  17.0 ± 0.7 9.8 ± 0.6 
2 1 10 20 766 ± 45 16.5 ± 0.7 7.9 ± 0.3 
2 1.3 1 3 108 ± 4 6.1 ± 0.1 4.9 ± 1.2 
2 1.3 1.9 5 206 ± 16 8.9 ± 0.4 15.3 ± 1.9 
2 1.3 3.8 10 456 ± 52 13.8 ± 0.9 9.9 ± 0.6 
2 1.3 5.8 15 630 ± 51 15.8 ± 0.7 8.9 ± 0.7 





Table D.6. Draw ratios and tensile properties of TCNF-1 fibers spun with an ADR of 3.   






3 1 1 3 123 ± 8 6.3 ± 0.4 3.1 ± 0.4 
3 1 2.6 8 253 ± 29 10.2 ± 0.7 10.5 ± 1.0 
3 1 3.3 10 374 ± 22 13.1 ± 0.6 9.5 ± 0.5 
3 1 5 15 537 ± 33 15.4 ± 0.5 8.2 ± 0.5 
3 1 6.7 20 617 ± 58 17.0 ± 0.8 7.3 ± 0.6 
3 1 8.3 25 717 ± 46 17.1 ± 0.8 7.3 ± 0.4 
3 1.3 1 4 131 ± 11 6.7 ± 0.5  7.4 ± 1.5 
3 1.3 2.6 10 348 ± 47 11.7 ± 1.0 10.3 ± 0.9 
3 1.3 3.8 15 570 ± 71 15.5 ± 0.9 9.5 ± 0.7 







Table D.7. Draw ratios and tensile properties of TCNF-5 fibers spun with an ADR of 1.   






1 1 1 1 31 ± 4 3.2 ± 0.8 1.8 ± 0.6 
1 1 3 3 146 ± 13 8.2 ± 1.0 5.2 ± 0.9 
1 1 5 5 235 ± 21 7.7 ± 0.6 9.8 ± 0.5 
1 1 7 7 422 ± 42 13.1 ± 0.7 8.4 ± 0.6 
1 1 9 9 432 ± 27 14.8 ± 0.6 6.0 ± 0.4 
1 1 10 10 492 ± 45 14.2 ± 0.9 7.6 ± 0.7 
1 1 12 12 504 ± 25 17.1 ± 0.6 5.7 ± 0.3 
1 1 13 13 486 ± 45 17.2 ± 1.1 5.5 ± 0.6 
 
Table D.8. Draw ratios and tensile properties of TCNF-5 fibers spun with an ADR of 2.   






2 1 1 2 61 ± 20 5.8 ± 0.4 1.5 ± 0.4 
2 1 2.5 5 180 ± 43 10.3 ± 1.0 4.3 ± 1.6 
2 1 5 10 313 ± 30 13.0 ± 0.8 6.0 ± 0.9 
2 1 6 12 328 ± 30 14.1 ± 0.6 5.9 ± 0.9 
 
 
Table D.9. Draw ratios and tensile properties of TCNF-10 fibers spun with an ADR of 1.   






1 1 1 1 15 ± 6 3.6 ± 1.1 0.7 ± 0.2 
1 1 5 5 287 ± 28 13.8 ± 0.7 6.2 ± 0.6 








Table D.10. Draw ratios and tensile properties of ACNF-1 fibers spun with an ADR of 1.   






1 1 1 1 98 ± 20 5.7 ± 0.4 2.6 ± 0.7 
1 1 5 5 477 ± 23 13.3 ± 0.2 11.3 ± 0.8 
1 1 10 10 886 ± 50 17.4 ± 0.3 9.8 ± 0.6 
1 1 13 13 1150 ± 91 18.9 ± 0.4 9.8 ± 0.8 
1 1 15 15 1160 ± 91 19.3 ± 0.9 9.3 ± 0.6 
1 1.3 1 1.3 80 ± 13 4.4 ± 0.7 11.0 ± 7.6 
1 1.3 3.8 4.94 383 ± 115 11.7 ± 1.6 10.3 ± 1.5 
1 1.3 7.7 10 845 ± 50 17.0 ± 0.6 9.6 ± 0.7 
 
 
Table D.11. Draw ratios and tensile properties of ACNF-1 fibers spun with an ADR of 2.   






2 1 1 2 91 ± 21 5.2 ± 0.8 9.6 ± 6.3 
2 1 2.5 5 286 ± 11 10.6 ± 0.2 15.8 ± 1.9 
2 1 5 10 595 ± 48 15.0 ± 0.4 10.7 ± 0.9 
2 1 7.5 15 793 ± 47 17.2 ± 0.3 9.1 ± 0.6  
2 1 10 20 889 ± 56 17.9 ± 0.3 8.6 ± 0.6 
2 1 10.5 21 947 ± 34 18.0 ± 0.3 8.7 ± 0.3 
2 1 11 22 967 ± 57 17.9 ± 0.4 8.7 ± 0.3 
2 1.3 1 3 89 ± 4 4.3 ± 0.2 41.7 ± 8.8 
2 1.3 1.9 5 273 ± 34 9.8 ± 0.4 17.0 ± 2.3 
2 1.3 3.9 10 541 ± 39 13.6 ± 0.7 11.1 ± 0.9 
2 1.3 5.8 15 669 ± 43 17.1 ± 0.3 7.8 ± 0.5 









Table D.12. Draw ratios and tensile properties of ACNF-1 fibers spun with an ADR of 3.   






3 1 1 3 103 ± 4 5.6 ± 0.2 9.5 ± 4.0 
3 1 1.7 5 189 ± 41 8.2 ± 1.3 20.4 ± 4.5 
3 1 3.3 10 398 ± 31 11.6 ± 0.5 12.9 ± 0.7 
3 1 5 15 463 ± 36 12.1 ± 0.6 10.4 ± 0.7 
3 1 6.7 20 594 ± 51 15.5 ± 0.7 7.9 ± 0.4 
3 1.3 1 4 119 ± 4 5.9 ± 0.1 43.4 ± 13.4 
3 1.3 1.3 5 202 ± 21 8.3 ± 0.5 21.4 ± 3.9 
3 1.3 2.6 10 389 ± 32 11.6 ± 0.5 12.4 ± 0.8 
3 1.3 3.8 15 531 ± 50 14.9 ± 0.5 9.1 ± 0.9 
3 1.3 5.2 20 755 ± 57 16.7 ± 0.6 9.7 ± 0.8 
3 1.3 6.7 26 754 ± 75 17.0 ± 1.0 8.7 ± 0.5 
3 1.3 7.2 28 726 ± 51 17.6 ± 1.2 7.8 ± 0.9 
 
 
Table D.13. Draw ratios and tensile properties of ACNF-5 fibers spun with an ADR of 1.   






1 1 1.0 1 89 ± 13 5.6 ± 0.1 2.7 ± 0.6 
1 1 5.0 5 317 ± 100 10.8 ± 1.8 9.2 ± 2.5 
1 1 10.0 10 722 ± 50 15.9 ± 0.5 8.7 ± 0.6 
1 1 11.0 11 738 ± 50 16.2 ± 0.5 8.4 ± 0.6 
1 1 12.0 12 890 ± 52 17.8 ± 0.3 9.5 ± 0.5 
1 1.3 1.0 1 87 ± 8 5.3 ± 0.4 6.8 ± 2.5 
1 1.3 3.9 5 453 ± 60 12.6 ± 1.0 15.6 ± 2.5 
1 1.3 7.8 10 723 ± 92 16.4 ± 1.4 10.4 ± 1.4 








Table D.14. Draw ratios and tensile properties of ACNF-5 fibers spun with an ADR of 2.   






2 1 1.0 2 94 ± 6 5.7 ± 0.2 6.1 ± 2.4 
2 1 2.5 5 264 ± 24 11.0 ± 0.6 15.4 ± 2.6 
2 1 5.0 10 548 ± 38 14.8 ± 0.4 10.5 ± 1.0 
2 1 6.0 12 590 ± 44 15.6 ± 0.5 8.9 ± 0.7 
2 1 6.5 13 580 ± 43 15.6 ± 0.5 8.4 ± 0.6 
2 1.3 1.0 3 87 ± 13 5.2 ± 0.5 8.4 ± 9.1 
2 1.3 1.9 5 194 ± 10 8.7 ± 0.3 15.9 ± 1.4 
2 1.3 3.9 10 399 ± 16 12.3 ± 0.3 9.5 ± 0.5  
2 1.3 5.8 15 614 ± 50 14.7 ± 0.2 9.2 ± 0.9 
 
 
Table D.15. Draw ratios and tensile parameters of ACNF-5 fibers spun with an ADR of 
3.   






3 1 1.0 3 109 ± 6 6.1 ± 0.2 10.1 ± 4.8 
3 1 1.7 5 192 ± 10 9.3 ± 0.3 15.0 ± 1.1 
3 1 3.3 10 426 ± 19 13.2 ± 0.4 11.7 ± 0.7 
3 1 5.0 15 488 ± 27 15.0 ± 0.4 7.7 ± 0.8 
3 1.3 1.0 4 108 ± 9 6.1 ± 0.4 14.9 ± 5.4 
3 1.3 1.3 5 183 ± 9 8.8 ± 0.3 19.6 ± 1.4 
3 1.3 2.6 10 392 ± 37 12.8 ± 0.6 14.1 ± 1.3 
3 1.3 3.9 15 565 ± 45 14.8 ± 0.5 11.0 ± 0.9 
3 1.3 4.4 17 519 ± 37 14.8 ± 0.5 7.6 ± 0.8 




























Figure D.1. (a) Showing the increase in transparency of the TEMPO CNF in sodium 
form after 2 passes at 25000 psi in a homogenizer. (b) showing that even after two passes 
the protonated TEMPO CNF is still very opaque indicating the dispersion is not very 
good and the TEMPO CNF is likely not well fibrillated (more passes were done and 
sample never reached much better transparency). (c) Method to achieve relatively well 
dispersed protonated TEMPO CNF by protonating fibrillated sodium form TEMPO CNF 









Figure D.2. (a, b) Showing cross section of PAN-TEMPO CNF sheath-core fiber 
showing that the cross section is highly irregular. (c) More zoomed in image of the CNF 
core showing the difference in texture between the CNF and PAN-co-MAA. (d) Cross 
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